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ABSTRACT
Wettability change (or a relative permeability 
effect) has long been considered a mechanism for enhanced 
oil recovery. Reports show that adsorption of 
petroleum heavy ends, mainly asphaltenes and resins, onto 
a rock surface can alter its wettability. Reports also 
show that high concentrations of C02 will induce the 
formation of a solid phase in CD2/crude mixtures. 
However, the propensity of a reservoir system for C02- 
induced hydrocarbon precipitation and how this deposition 
affects the rock wettability has not been yet 
investigated. Once variables such as oil composition, 
pressure, temperature, brine chemistry, and surface 
mineralogy are adequately defined it becomes possible to 
evaluate amenable mechanisms of improved oil recovery.
This study employed a prototype, high
pressure/temperature, variable volume circulating cell 
with porous media traps. Stainless steel filters were 
used to determine how (1) pressure, (2) temperature, and 
(3) oil composition influence C02~induced organic 
deposition. Short Berea sandstone consolidated cores 
were used to investigate the effects of (1) initial 
wettability, (2) water saturation, (3) brine chemistry, 
and <4) clay activity on deposition.
The experimental results indicate that C02-induced
xi
organic deposition increases rapidly with pressure to a 
maximum near the minimum miscibility pressure, then 
declines slightly with further increases in pressure. 
The results also show that temperature is a variable only 
in that it determines the pressure required to develop 
miscibility. An empirical correlation using viscosity 
and compositional data predicts the tendency of a stock 
tank oil to exhibit C02-induced deposition. Furthermore, 
the experimental results demonstrate that initial 
wettability has a minimal effect on C02-induced 
deposition; however, water saturation, brine chemistry, 
and clay activity significantly influence the adsorption 
process. Finally, C02-induced deposition alters strongly 




There is considerable evidence to support that 
miscible displacement of oil by C02 can recover over 95% 
of reservoir oil contacted. Miscible C02 flooding can be 
implemented in both sandstone and carbonate reservoirs at 
any temperature. The pressure required for efficient oil 
displacment is usually significantly lower than that for 
other gas-miscible processes such as flooding with 
natural gas, flue gas, or nitrogen. One of the major 
advantages of the C02 miscible process is that dynamic 
miscibility can be achieved at attainable pressures in a 
broad spectrum of reservoirs.
The principal technical challenge in any field-scale 
C02 flood is to contact as large a fraction of the oil as 
possible. This is achieved by flooding at low mobility 
ratios. The mobility ratio is defined as the mobility of 
the displacing fluid divided by the mobility of the 
displaced fluid. For the displacement of oil using C02, 
the mobility ratio becomes:
*C02 kC02/->1C02 kC02^oi 1
'‘oi 1 koi 1 ̂ o i  1 koi 1 ■>iC02
where, a £ mobility
k £ relative permeability, and 
ji s viscosity
1
Typical C02 reservoir viscosities are very low, only 0.03 
to 0.06 c p , at least an order of magnitude lower than 
typical oil viscosities. The high oil/C02 viscosity 
ratio creates an unfavorably high mobility ratio, which 
leads to undesirably low sweep efficiency and early 
breakthrough of C02 into producing wells. Developing new 
techniques to improve poor reservoir performance in C02 
flooding is a principal focus in current research.
One way of reducing the effective mobility of C02 is 
to also inject water, usually with alternate injections 
of relatively small slugs (Caudle and Dyes, 1958;; 
Blackwell, et. al, 1960). There are problems and
uncertainties with this method. These problems relate 
to: (1) the extent to which a high mobile water
saturation , especially in previously waterflooded 
reservoirs, shields oil from C02 resulting in incomplete 
displacement even above the miscibility pressure, and (2) 
the effectiveness of Caudle-and-Dye - type mobility 
control upon the gravity segregation of C02 and water. 
Another method of reducing the effective mobility of C02 
uses surfactants along with C02 and water to create a 
"foam" (dispersion of dense C02 and water). Laboratory 
results obtained using this technique have been mixed. 
Although researchers are satisfied that mobility control 
can be achieved, much of the surfactant is permanently
adsorbed by reservoir minerals (Bernard, et al., 1980).
Such adsorption can be economically prohibitive and is 
likely to limit the range of reservoir applicability. 
Another mobility control technique uses C02—soluble 
polymers to directly thicken the C02. This method is 
very appealing because if a directly thickened C02 can 
be injected without water there would be less trapped oil 
due to the increased water saturation, and fewer 
corrosion problems. However, there are presently no 
commercially available polymers that could be used as 
direct thickeners for C02 flooding. Laboratory results 
with C02-soluble polymers have been consistantly negative 
(Terry and Zaid, 1987; Dandge and Hesler, 1987). Even if 
continued research identifies a polymer that can provide 
mobility control, experience with chemical flooding 
suggests that the process will not be economically 
attractive.
The technical and/or economical problems of the above 
mentioned techniques for mobility control during C02 
flooding prompted Monger and Bassiouni (1984) to propose 
a novel mobility control concept; namely, mobility 
control via the C02-induced deposition of heavy 
hydrocarbons. This method shares the appeal of the 
polymer technique because CQ2 can be injected without 
water. Moreover, the deposition method has the
additional advantages that the mobility control agent is 
"in situ" so that chemical additives are not required, 
and the process can assist other production operations. 
Although the concept of improving oil recovery in CQ2 
flooding through heavy hydrocarbon deposition is largely 
unexplored in the literature, several mechanisms are 
plausible. Hydrocarbon deposition is known to alter 
reservoir wettability, and wettability changes alter 
relative permeabilities (Anderson, 1986); thus the 
mobility ratio could be reduced by changing one or both 
of the relative permeabilities in Equation (1.1). The 
suspension versus deposition of solids can also influence 
viscosities and absolute permeability.
The applicabi1ity of mobility control through CQ2- 
induced heavy hydrocarbon deposition can not be fully 
addressed until the reservoir conditions which promote 
precipitate formation during C02 flooding are defined. 
Moreover, once the propensity of a reservoir system for 
C02-induced hydrocarbon precipitation can be predicted it 
becomes possible to evaluate mechanisms of oil recovery 
enhancement. Therefore, the goal of this study is to 
provide experimental data on the conditions which enhance 
the deposition of heavy hydrocarbons during CQ2 flooding.
CHAPTER II 
LITERATURE REVIEW
2. 1 Sol.id Phase Formation i.n C02/Crude-0i 1. System
Shelton and Yarborough (1977) observed asphaltic 
precipitate -formation along with multiple liquid phases 
in oil mixtures containing high-ethane-content 
hydrocarbon gas or C02 at reservoir conditions. 
Pressure-composition diagrams for these two systems are 
shown in Figure 2.1. Quantitative data for the C02- 
induced precipitate was not obtained in this work due to 
a reduced visual capacity after the solid phase formed. 
However, it was suggested that the solids and some of the 
oil-rich phase would be left as a residual saturation and 
reduce the relative permeability to water during water 
alternate gas injection. Hydrocarbon deposition would 
thus be assisting another production operation.
Precipitation of black solid particles was also 
reported in the experimental phase behavior data
presented by Simon et al. (1977), A solid phase
precipitated at reservoir conditions for C02 
concentrations greater than 60 mole percent. The amount 
of precipitate was about 2 volume percent of the original
reservoir oil for a bulk CQ2 content of about 80 mole
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Figure 2.1 Phase diagrams for (a) Recombined reservoir
oil with hydrocarbon driving gas at 105 F, and 
(b> Recombined reservoir oil with CD2 at 94 F; 
(Shelton and Yarborough, 1977).
Stalkup (1978) suggests that the extent o-f multiple 
phase -formation may be reduced as hydrocarbons are 
extracted into the C02. To support this suggestion, 
Stalkup presented two pressure-composition diagrams, 
which are shown in Figure 2.2. Figure 2.2 (a)
illustrates the phase behavior observed for mixtures of a 
West Texas oil with high C02 content injection gas, and 
Figure 2.2 (b) is for the same oil but with ethane
through hexane hydrocarbons added to the C02. Stalkup 
found that significantly less heavy liquid and solid 
phases occured when the C02 was contaminated with thei
rich-gas.
In contrast to Stalkup's findings, Gardner et al. 
(1979) reported that the amount of precipitation 
increases as miscibility is generated through hydrocarbon 
extraction into the C02-rich phase. The results of 
multiple-contact PVT experiments were used to support 
this interpretation. Forward contacts were performed by 
mixing the C02-rich phase produced by a previous contact 
with new oil. Forward contacts represent what happens at 
the flood front where miscibility is developed. Swept 
zone contacts were performed by mixing the oil-rich phase 
produced by a previous contact with new C02. Swept zone 
contacts represent what happens in the vicinity of an 
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Figure 2.2 Phase diagrams -for a West Texas reservoir oil
mixed with (a) 95’/. C02 injection gas <gas
composition is 95.5% C02, 3.1'/. H25, and 1.3% 
Cl), or (b) C02 enriched with intermediate 
hydrocarbons (gas composition is 81.2% CD2, 
2.6% H2B, 1.1% Cl, and 15.1% C2 through Cb); 
(Stalkup, 1978).
■fresh C02. The extent of precipitation increased with 
successive forward contacts only. Gardner et al.'s work
was performed using Wasson crude at 105 deg F and at two
different pressures. Similar work was performed using 
several West Texas reservoir oils by Turek et al. (I9B4);
however, there was no mention of a solid precipitate in 
either forward contacts or swept zone contacts.
Henry and Metcalfe (1983) conclude that multiple- 
phase generation resulted in a zone of intermediate
mobility. Their study of CD2 displacement using three 
reservoir oils was carried out in a coi1-microcore 
apparatus. Two high pressure sight glasses were located 
on either side of the microcore for visual observation , 
and a pressure transducer was used to monitor the
pressure drop across the microcore. The differential 
pressure across the microcore decreased smoothly with 
increasing C02 concentration and the two phase was 
observed via the sight glass (Figure 2.3 (a)). However,
an increase in differential pressure was observed when 
multiple phases, which included a solid phase, flawed 
through the microcore (Figure 2.3 (b)). They also noted 
that a lower aromatic carbon content may explain why 
multiple phase formation was not observed and asphaltene 
precipitation was less for one reservoir oil tested.
The first quantitative report on C02-indueed solid
10
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phase formation was presented by Monger (1984). This 
work showed that significant precipitation occured when 
C02 contacted a highly asphaltic crude oil. The aromatic 
content of the solid phase was approimately 30%, which is
2.5 times that of the virgin crude. Also reported in 
this work were continuous CQ2 injection coreflood 
experiments which experienced reductions in injectivity, 
apparantly caused by the deposition of heavy hydrocarbon 
components. Other combined sandpack and coreflood runs 
indicated that the core plugging phenomenon coincided 
with the creation of a transition zone, which 
characterizes the mass transfer events leading to the 
development of miscibility between C02 and oil. The 
solid phase was not completely immobile, as suggested by 
the production of solid phase during sandpack 
displacements. The compositional analysis of effluent 
sample collected during additional sanpack displacements 
indicated that aromatics concentrate in the stripped oil 
during the multiple-contact process. Deposition may be 
promoted by this behavior since oil aromaticity appears 
to correlate with asphaltene content.
Further quantitative information on the phenomenon of 
C02-induced solid phase formation is provided by Bryant 
and Monger (1985). According to this work, the solid 
phase appears to be highly aromatic and constitutes as
much as 20 weight percent of the stock tank oil 
hydrocarbon. This data was obtained by material balance 
calculations based upon aromatic carbon contents, and 
describes the upper limit for solid phase formation; 
namely, that when misciblity is attained. In agreement 
with the results of Gardner et al., Bryant and Monger 
report that more aromatic material was precipitated out 
of the oil-rich phase as miscibility was developed in 
forward contacts. Visual observations also revealed that 
the amount of C02-induced precipitate increased with 
pressure. The results also show that highly aromatic
I
hydrocarbons disperse in, rather than precipitate out of 
the stripped oil in the swept zone. The authors suggest 
that precipitation of a solid phase may improve the 
mobility ratio through absolute permeability reduction 
and an increase in the apparent viscosity of the 
displacing phase. Although wettability alteration due to 
the deposition of precipitate was not among the 
objectives of this study, the authors did addrress the 
possibility of improved oil recovery through this 
mechanism. Several reports concur that the adhesion of 
high molecular weight hydrocarbon components cause 
wettability behavior to change form strongly water— wet to 
weakly water—wet <Clementz, 1975; Clementz, 1982; Collins 
and Melrose, 1983; Ehrlich et al., 1983; Cuiec, 1984).
This hydrocarbon-induced wettability change appears to 
favorably impact oil recovery by decreasing residual oil 
saturation and increasing microscopic displacement 
efficiencies (Cambell and Orr, 19B3; Morrow et al., 1984; 
Holm, 1984; Patel et al., 1985). A review will now be
made of crude-oi1/rock interactions to further 
investigate how oil recovery might be improved through 
wettability alteration.
2.2 Hydrocarbon-Induced Wettability Change
Wettability is defined as the tendency of one fluid 
to spread on or adhere to a solid phase in the presence 
of other immiscible fluids (Craig,1971). Wettability is a 
major factor controlling the location, flow, and 
distribution of fluids in a reservoir. When the rock is 
water— wet, there is a tendency for water to contact the 
majority of the rock surface. Similarly, in an oil-wet 
system, the rock is preferentially in contact with the
oil; in other words, oil will occupy the small pores and
contact the majority of the rock surface. The system is
defined as having neutral wettability when the rock has
no strong preference for either oil or water. When all of 
the rock surfaces have the same wettability, the system 
is said to be uniformly wet. Alternatively, when 
different areas of the rock have different wetting fluid 
preferences, the system is said to exhibit fractional
wettability (Brown and Fatt, 1956). Fractional
wettability has been called heterogeneous, spotted, or 
Dalmation wettability by others (Fatt and K1 ikoff , 1959; 
Holbrook and Bernard,195B; Iwankow,1960). Fractional 
wettability might be generated in a system which is 
initially uniformly water-wet because crude oil 
components strongly adsorbed in certain areas of the rock 
to make those portions of the rock oil-wet, while other 
portions remained water— wet. The term mixed wettability 
was introduced by Salathiel in 1973, to describe a 
special type of fractional wettability. Salathiel showed 
that when oil initially invades an originally water— wet 
reservoir, it displaces water from the larger pores, 
while the smaller pores remain water— filled because of 
capillary forces. A mixed wettability condition occurs 
if the oil deposits a layer of organic material only on 
the rock surfaces of the larger pores. Therefore, in 
mixed wettability, oil wet surfaces form continuous paths 
through the larger pores while the smaller pores remain 
water wet and contain no oil. This allows the drainage of 
oil during a water flood to continue until a very low 
residual oil saturation is reached. The main distinction 
between mixed and fractional wettability is that the 
latter implies neither specific locations for the oil-wet 
and water— wet surfaces nor continuous oil-wet paths.
It is well known that the adsorption of organic 
material and/or polar compounds which are originally 
suspended in the crude oil may alter rock wettability. 
Although the surface-active components of crude oils are 
found in a wide range of petroleum fractions, they are 
more prevalent in the heavier fractions; namely, the 
resins and asphaltenes. Clementz (1982) showed that 
wettability could be altered by treating a Berea core 
with a solution of petroleum heavy ends. The wettability 
of the Berea core shifted from water— wet to neutrally wet 
after the treatment. The author further emphasized that 
an adsorbed layer of petroleum heavy ends could block the 
dispersion and subsequent migration of potentially 
damaging formation clay minerals. Cuiec (1984) tried to 
correlate different crude oil characterisitics with the 
restored wettability of fluid/reservoir— rock systems. He 
found no correlation between wettability and the crude 
contents of low molecular weight aromatics, resins, 
nitrogen, acids or bases. However, Figure 2.4 taken from 
Cuiec's paper, shows t h e  existence of a relationship 
between a crude's asphaltene content and the wettability 
of the reservoir which produced that crude. Figure 2.4 
indicates that asphaltene contents are low, less than 
1.25 weight percent, for crude oils existing in water— wet 
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.4 The wettability index-asphaltene content
correlatin (Cuiec, 19B4).
crudes with significantly higher asphaltene contents. In 
the intermediate zone, crude exhibited either very high 
or very low asphaltene contents. It should be pointed 
out that the procedure used by Cuiec to quantitate 
wettability does not distinguish between uniform or 
fractional wettability. Moreover, any reservoir with 
mixed wettability, which is partially oil-wet, would fall 
in the intermediate zone along with the neutral system 
which has no oil-wet region. Cuiec also compared oil 
compositions before and after contact with a shaly 
sandstone. Crude oil was left in a core to age for about
1.5 months at 30 deg C. The test results showed that 95% 
of the asphaltenes were retained by the porous media 
along with 15% of the resins and 13% of the low molecular 
weight aromatics. The total retained organic hydrocarbon 
was 9.7 mg per gram of rock. According to Cuiec's 
findings, crude oil components which have boiling points 
below 350 deg C are not involved in solid/crude-oil 
interactions. This seems to agree with the report by 
Campbel and Orr (1983) which shows that the wettability 
behavior exhibited by a C02/crude-oi1 system was not 
observed in a C02/refined-oi1 system. Wettability effects 
allowed C02 to displace crude oil more efficiently than 
refined oil in tertiary displacements. Holm (1984) also 
showed that because of crude-oi1-wetted rock surfaces,
crude oil left by a waterflood was more accessible to an 
injected miscible fluid than waterflood residual refined 
oil.
Tuttle (1983) remarked that C02 appears to cause 
asphaltenes to precipitate and to form a rigid film. 
Ehrlich et al. (1983) also suggested that C02-induced
heavy hydrocarbon deposition was responsible for a 
wettability shift from water— wet to oil-wet for native 
state cores from Little Knife field. This wettability 
change may account for the low residual oil level 
achieved at high WAG ratios. No'evidence of coating or 
any significant change in wettability was found when C02 
was replaced by an inert gas, helium. Many reports 
suggest that for any wettability, various displacement 
processes will be more efficient in recovering the 
wetting phase. Balter and Mohanty (1982) showed that the 
wetting phase could be contacted more easily and 
displaced completely at any saturation of the non-wetting 
phase, while recovery of non-wetting phase decreased as 
its fractional flow decreased. Shelton and Schneider 
(1975) found that all of the wetting phase was recovered 
by a C02 or hydrocarbon miscible displacement, but that 
significant amounts of non-wetting phase remained 
uncovered. Tiffin and Yellig (1982) also reported that 
high water saturations reduced oil recovery by miscible
gas displacement in water-wet cores, but had little 
effect in oil-wet cores. Morrow et al. <1984) showed that
the deposition of a tenacious monomolecular film is 
responsible for crude-oi1-induced wettability alteration 
on glass and silica surfaces. These authors further 
showed that improved microscopic displacement efficiency 
and lower residual oil were always achieved when 
wettability was changed from strongly water— wet to a 
crude-oil-induced fractionally wet condition. Patel et 
al. (1985) concluded that mixed-wettabi1ity presumably
caused by hydrocarbon deposition' was the reason for low 
fluid mobilities observed during the Wasson Field CQ2 
pilot. The observed reduced injectivities were not a 
near— well bore effect and probably played a major role in 
improving reservoir sweep. Thus, they suggested that 
current simulator modeling of low fluid mobilities should 
be based on mixed-wettabi1ity behavior instead of 
arbitrary absolute permeability reduction.
A review of the nature and behavior of asphaltenes is 
provided in the next section, since this fraction of a 
crude oil is considered to constitute most of the 
hydrocarbon which precipitates during C02 flooding. Two 
field cases will also be briefly reviewed in section
2.3.2.
2.3 Asphaltenes
2.3.1 Nature and Behavi.gr of Asghaltenes
The classic definition of asphaltenes, illustrated in 
Figure 2.5, is based on the solution properties of 
petroleum residuum in various solvents. Asphaltenes are 
that petroleum fraction which is soluble in benzene but 
insoluble in a low molecular weight paraffin like normal 
pentane. This generalized concept has been extended to 
fractions derived from other carbonacious sources such as 
coal and oil shale. Asphaltenes must be further 
classified by the particular precipitating solvent since 
different solvents cause different amounts and types of 
precipitation (Corbett and Petrossi, 1978). Thus, there
are pentane asphaltenes, hexane asphaltenes, heptane 
asphaltene, and so on. Figure 2.6, taken from Corbett 
and Petrossi (1978), shows how the yield of n-paraffin 
insolubles changes with the carbon number of the 
precipitating solvent for a crude oil. Figure 2.6 shows 
very little difference in the amount precipitated for n— 
heptane and heavier n-paraffins. However, the amount of 
precipitate increases as the precipitating n-paraffin 
molecules get smaller. It should also be noted that, 
when n-pentane is used, additional material with less 
polarity and lower molecular weight is recovered with the 
n-heptane asphaltenes (Long, 1981).
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Figure 2.6 Effect of solvent carbon number on
insolubles (Corbett and Petrossi,1978).
similar characteristics among the chemical compositions 
of asphaltenes extracted from a variety of crude oils. 
For example, elemental compositions for n-pentane 
asphaltenes show that the amounts of carbon and hydrogen 
usually vary over a narrow range and average 
approximately 82 vttV. carbon and 8 wtT, hydrogen, which 
corresponds to a H/C atomic ratio of approximately 1.15. 
The H/C atomic ratio is a measure of the aromaticity of a 
molecule; the lower the H/C atomic ratio, the more 
aromatic the molecule. Speight also noted that the use of 
a precipitating medium other than n-pentane yielded a 
product that was substantially different. An example 
using n-heptane as the precipitating medium is 
illustrated in Table 2.1, which is reproduced from 
Speight's- paper (1980). The atomic H/C ratios of the 
heptane asphaltenes are markedly lower than those of the 
pentane asphaltenes, indicating a higher degree of 
aromaticity in the heptane asphaltenes. In addition, 
atomic N/C, 0/C, and S/C ratios are usually higher in the 
heptane asphaltenes, indicating higher proportions of the 
heteroelements.
The data from Speight and Yen's studies support the 
hypothesis that asphaltenes, viewed structurally, are 
condensed polynuclear aromatic ring systems bearing alkyl 
side chains (Speight, 1972; Yen, 1972). The number of






C H N O S H/C N/C O/C S/C
Canada n-Pentane 79.5 8.0 1.2 3.8 7.5 1.21 0.013 0.036 0.035
n-Heptane 78.4 7.6 1.4 4.6 8.0 1.16 0.015 0.044 0.038
Iran n-Pentane 83.8 7.5 1.4 2.3 5.0 1.07 0.014 0.021 0.022
n-Heptane 84.2 7.0 1.6 1.4 5.8 1.00 0.016 0.012 0.026
Iraq n-Pentane 81.7 7.9 0.8 1.1 8.5 1.16 0.008 0.010 0.039
n-Heptane 80.7 7. L 0.9 1.5 9.8 1.06 0.010 0.014 0.046
Kuwait n-Pentane 82.4 7.9 0.9 1.4 7.4 1.14 0.009 0.014 0.034
n-Heptane 82.0 7.3. 1.0 1.9 7.8 1.07 0.010 0.017 0.036
rings apparently varies -from six in smaller systems to 
twenty in more massive systems (Speight, 1978). Figure 
2.7 depicts the hypothetical structures of asphaltenes 
•from different regions of the world (Speight, 1980).-
Asphaltenes have been observed to occur as micelles 
or colloidal suspensions in crude oils at reservoir 
conditions (Wachel, 1971; Rogacheva et. al, 1980; Briant 
and Hotier, 1983). Asphaltenes also tend to associate 
preferentially with resins rather than other asphaltenes 
when both are present in the crude oil (Speight,, and 
Moschopedis, 1981). Hydrogen-bohding may be one of the 
mechanisms by which resin-asphaltene interactions are 
achieved and stabilized in the colloidal state of a crude 
oil (Speight and Moschopedis, 19B1). Leontaritis and 
Mansoori (1987) proposed that asphaltenes may be partly 
dissolved and partly suspended in hydrocarbon mixtures, 
as suggested by the wide range of asphaltene size 
distributions. According to Mansoori and his co-workers 
(Mansoori and Jiang, 1985; Leontaristis and Mansoori, 
1987), asphaltene particles tend to aggregate, then grow 
in size, and eventually flocculate when the amount of 
resins in the oil drops below that required to sustain a 
resin cover over the entire surface of the colloidal 
asphaltenes. This model is illustrated in Figure 2.8 
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Figure 2.7 Hypothetical structures for Asphaltenes from 
(a) Venezuelan crude oil, (b) California crude 
oil, and (c) Iraqi crude oil; (Speight, 198B).
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Fi gure 2.8 Asphaltene particle peptization <Leontaritis 
and Mansoorri, 1987).
the authors suggested that the desorption of resins from 
the surface of colloidal asphaltenes is the cause of 
asphaltene precipitation.
2.3.2 Asphaltene Precipitation Fieid Exe§!li§Q£<=
It is very difficult and expensive to control 
asphaltene deposition in the field, which significantly 
affects the production and transportation of oil and gas. 
Asphaltene problems are ubiquitous because
concentrations of asphaltenes and resins are 
significantly high for crude oils from oil fields all 
around the world (Tissot and Welte, 1978). Asphaltene 
problems also vary widely, depending on the crude-oil 
composition and reservoir or well conditions.
Asphaltene precipitation was observed during early 
oil production in the Ventura field in California 
(Tuttle, 1983) and the Hassi-Messaoud field in Algeria 
(Haskett et. al, 1964). At Ventura field, the deposition 
of asphaltenes contributed to the plugging of liners and 
tubings during early development in 1944. Solvent,
treatments were marginally successful as corrective 
measures due to treatment costs, safety problems, 
corrosion problems, or refinery effects. Many wells were 
redrilled because the asphaltene deposition problem could 
not be overcome. However, the problem at Ventura 
diminished after the bottom hole pressure fell below the
bubble point of the crude, and the wells have produced 
trouble-free from asphaltenes since the early 1970's. 
Similarly, at Hassi-Messaud field, the deposition of 
asphaltenes did not occur once the pressure fell below 
the bubble point, and previous deposits were redissolved 
by the crude. These results suggest that the paraffin- 
induced deposition of asphaltenes occurs at specific 
pressure and temperature conditions; namely, those at 
which the crude oil is undersaturated.
Asphaltene deposition is also observed during well 
acidization practices. Well stimulation fluids such as 
hydrochloric acid can cause significant formation damage 
in wells containing asphaltic crude oil. This is because 
the acid makes the asphaltenes precipitate and form a 
rigid film which causes significant damage to the porous 
media around the well bore. Attempts to remove the 
deposition have often been unsuccessful and in some cases 
the wells have been permanently damaged.
Carbon dioxide in the presence of water also has 
an acidizing effect on the reservoir. Asphaltene 
deposits were found in production tubing during the 
Little Creek CD2 injection tertiary recovery pilot in 
Mississippi, although deposition problems had not been 
reported previously during the primary and secondary 
recovery of the field. Reduced injectivies following gas
injection have also been observed in a number of C02 
injection projects (Stalkup, 197B).
The asphaltene problem is so insidious that it has 
often been unforeseen during field exploration or initial 
development phases. Consequently, oil producers were 
usually not aware of the problem until a large fraction 
of the investment capital was spent making it difficult 
to quit the project. It is thus important to develop 
predictive methods which can screen for potential 
asphaltene problems.
CHAPTER III 
EXPERIMENTAL METHODS AND MATERIALS
3.1 Properties of Crude Oils
The crude oils used in this study came from five 
different fields, each located in a different state. The 
locations of the fields are listed in Table 3.1. The 
bulk of this experimental work concentrated on the highly 
asphaltic black crude oil from the Brookhaven field. 
This oil was selected because it exhibited extensive
solid phase formation in phase behavior and displacement 
studies using C02; for example, severe plugging 
terminated a linear C02 flood in a consolidated Berea 
core (Monger, 1984). Another reason for selecting
Brookhaven crude was that phase behavior data for 
mixtures of C02 with this oil were available. (Monger et 
al., 1985). The compositions of the five stock tank oils
used are presented on a weight percent basis in Table
3.2, and on a mole percent basis in Table 3.3. Oil
compositions were determined using a Hewlett-Packard 
5880A gas chromatograph (GC) with an 0V-101 column which 
separates hydrocarbons according to boiling point. 
Details on the gas chromatographic procedures are 
provided in Appendix C. Table 3.4 summarizes various 
properties of the stock tank oils. The molecular weight
TABLE 3.1 















SIMULATED DISTILLATION OF CRUDE 0IL5 (Nil)
Brookhaven Huntington Bath Hilly Upland Tiabalier Bay
Coaponent (aeightX) (ueightX) (ueightX) (ueightX) (ueightX)
C5 1.21 0.00 1.35 0.00 0.00
C6 1.51 0.21 1.90 1.52 0.96
C7 3.95 2.63 3.90 4.41 3.68
CB 5.B7 2.40 5.43 5.74 5.49
C9 3.90 4.10 4.52 4.36 4.91
cie 4.B4 2.4B 5.41 5.03 5.66
Cll 4.05 2.67 4.28 3.66 4.53
C12 4.77 2.26 4.50 3.89 4.52 :
C13 4.69 1.94 4.07 3.45 4.12
C14 6.27 2.32 5.14 4.37 5.23
C15 4.67 2.73 3.33 2.75 3.94
C16 4.37 2.57 3.12 2.60 3.65
C17 3.47 2.10 2.37 1.96 2.77
C1B 3.66 2.31 2.62 2.25 2.69
C19 3.33 2.77 2.39 2.11 2.66
C20 3.06 1.5! 2.21 1.99 2.53
C21 2.95 1.53 2.05 1.94 2.42
C22 2.76 1.64 1.97 1.90 2.25
C23 1.99 1.67 1.37 1.34 1.66
C24 l.BB 0.82 1.33 1.31 1.55
C25 1.76 1.72 1.28 1.27 1.47
C26 1.66 0.96 1.23 1.24 1.42
C27 1.51 1.99 1.18 1.20 1.37
C2B 1.06 1.16 0.B1 0.83 1.01
C29 1.31 1.39 1.05 1.07 1.29
C3B 1.09 1.43 0.89 0.90 1.13
C31 S. 69 1.41 0.75 0.75 0.96
C32 0.51 1.24 0.47 0.46 0.61
C33 0.71 0.40 0.66 0.67 0.65
C34 0.51 1.13 0.52 0.53 0.67
C3S 0.31 1.13 0.34 0.36 0.45
C36+ 16.26 45.36 27.56 33.90 23.35
34
TABLE 3.3







































































PROPERTIES OF CRUDE OILS
Property Brookhaven Huntington Bath Hilly Upland
Molecular
Height* 246 245 193 224
Ig/g-iol)
Molecular
Height** 212 302 216 234
Ig/g-aol)
Density! 0.B553 0.9371 0.B198 0.B176
(g/cc)
Viscosity! 17 204
( c p )
Arosatic
Carbon 11.9 15.0 10.2 5.7
Content(ZI
Acid No.
(ag KOH/ g oil)
0.034 0.791 0.090 0.066
• Deteriined using Freezing Point Depression aethod 
** Deterained by eapirical aethod 








of each crude oil was determined by the Beckmann method 
of freezing point depression, and by an empirical method 
which used the HP5BB0A GC and followed an ASTh procedure 
(ASTM Book of Standards,1976). The molecular weights 
determined by freezing point depression were used for 
minimum miscibility pressure (MMP) calculations according 
to the Alston et al. correlation (19B5). Crude oil 
densities were obtained using a Mettler-Paar DMA45 
densitometer. Viscosity measurements followed API 
standard procedures using a rotational variable speed 
viscometer. The aromaticities of the crude oils weret
obtained using natural abundance carbon-13 nuclear 
magnetic resonance spetrometry (13CNMR), as described in 
Method 3 of Shoolery and Budde (1976). If time did not 
allow delays between pulses, Method 2 was employed and a 
response factor was used to correct for reduced 
sensitivity. The acidity of each crude oil was measured 
by conducting an acid-base titration(ASTM Procedure D- 
664) and is expressed as an acid number, which is defined 
as the milligrams of potassium hydroxide required to 
neutruralize one gram of oil.
The Brookhaven reservoir oil used in the study was 
reconsituted by Whitehead et al.(1981) and stored in a 
spherical transfer vessel at 1500 psia which is well 
above the bubble point pressure of 1000 psia. The other
live oil used Mas Brookhaven -flashed oil which was 
modified to resemble the composition of reservoir oil 
that would be contacted by C02 during a typical flood. 
The modification consisted of performing a flash 
vaporization of the reconsituted reservoir oil at 
approximately 60 psia and 32 deg F. Table 3.5 shows the 
composition of both live oils. The procedure for 
preparing the Brookhaven flashed oil is detailed in the 
thesis of Bryant(1984).
3.2 Laboratory Apparatus and Procedures
3.2.1 Apparatus (
The prototype variable volume circulating cell
apparatus used in this study is illustrated in Figures
3.1 A and B. The system is high pressure/temperature
rated to the working limits of 5000 psia and 250 deg F. 
The setup employs two Temco floating piston stainless
steel transfer vessels (Figure 3.2) which are C02, 
hydrocarbon, and brine resistant. A 1000 cc capacity 
vessel serves as a C02 reservoir. The second vessel has a 
capacity of 2000 cc and serves as a mixing cell for C02 
and crude oil. Both the C02 reservoir, and a sample 
circulation loop are manifolded to the mixing cell. A 
Temco variable volume windowed sight glass (Figure 3.3) 
is installed for in-line observation of the phase 
behavior of the circulated C02/crude oil mixtures. Since
TABLE 3.5
COMPOSITIONS OF BROOKHAVEN RESERVOIR OIL 
AND FLASHED OIL
Reservoir oil Flashed o
onent (moleV.) (mol e'/.)—------------- ----------
Cl 11.40 2.76
C2 4. 10 4. 15
C3 2. 10 3.97
C4 3.50 7.B2
C5 2.79 2.73
C6 2.92 2. 86
C7 6. 55 6.42
CB 7.3B 7.23
C9 5.04 4.94
C10 5. 66 5.54
Cll 4.31 4.22
C12 4.66 4.56
C13 4.23 4. 14
C14 5.26 5. 15
C15 3.65 3.57
C16 *T 3. 15
C17 2. 39 2.34
C1B 2. 39 2.34
C 19 2.06 2.01
C20 1. B1 1.77
C21 1. 66 1.62
C22 1. 4B 1.45
C23 1.01 0.99
C24 0. 93 0.91
C25 0. 83 0.81
C26 0. 75 0.73
C27 0. 66 0.65
C2B 0. 45 0.44
C29 0.53 0.52
C30 0. 43 0.42
C31 0.33 0.32
C32 0. IB 0. 18
C33 0.25 0.24
C34 0. IB 0. IB
C35 0. 10 0. 10













SALIENT FEATURES OF EXPERIMENTAL APPARATUS










A - VARIABLE RATE CIRCULATING PUMP 
B - DOME LOADEO BACK PRESSURE REGULATOR 
C -PRESSURE GAUGE 
0 -FLOATING PISTON TRANSFER VESSEL 
E - ETHYLENE GLYCOL RESERVOIR 
F -FILTER
G - VARIABLE VOLUME SIGHT GLASS 
H -PRESSURE INDICATOR I - BLEED VALVE
K - FLASH SEPARATOR 
M - ETHYLENE GLYCOL COLLECTOR 
N - NITROGEN RESERVOIR 
P - PRESSURE TRANSDUCER 
R - PLATINUM RESISTANCE PROBE 
TC - TEMPERATURE CONTROLLER 
TI - TEMPERATURE INDICATOR 
W - WET TEST METER
HIGH PRESSURE/TEMPERATURE'VARIABLE VOLUME CIRCULATING CELL
























TEMCO VARIABLE VOLUME HIGH PRESSURE SIGHT GLASS
Figure 3.3
visual observations of dark oils are di-fficult, this 
sight glass has an advantage in that the fluid volume 
inside the sight glass can be adjusted by 0.03 cc 
increments -from 0 to 9 cc. In the initial experiments, 
two stainless steel Nupro mesh filters were employed to 
trap organic precipitate for quantitative analysis. The 
Nupro stainless steel filter holders housing these 
filters are manifolded to a flash separator with a wet 
test meter, which were used to determine the C02 
concentration of flashed samples. An Eldex dual piston 
high pressure pump was used for displacing ethylene 
glycol to pressurize the system and to meter C02 from 
the C02 reservoir into the mixing cell. A Whitey high 
pressure high flow rate pump was employed to circulate 
C02/crude-oi1 mixture through the circulation loop. The 
sample vessel temperature was maintained to + 0.5 deg F
of run temperature with an Omega temperature controller 
and a Glas-Col heating mantle. The temperature of the 
circulation loop, which includes the sight glass, filter 
and circulation pump, was maintained using a Neslab 
glycol bath circulator heater with a flow through cooler 
for controlling near room temperature. The temperature of 
the mixing cell and the circulating loop were monitored 
to + 0.1 deg F using an Omega digital thermometer
employing piatinum-resistance probes. The sample pressure
was maintained using a Temco dome loaded back pressure 
regulator (Figure 3.4). The run operating pressure was 
set by initially pressurizing the dome with a 6000 psig 
nitrogen gas source, then adjusting to the appropriate 
run pressure. The sample pressure was measured with a 
Heise Bourdon tube gauge to + 10 psig and a Valydyne
digital pressure indicator to + 1 psig. The pressure
drop across the filter was measured with a Valydyne 
pressure transducer and digital indicator. Additional 
details on the various equipment components which were 
used to construct the variable volume circulating cell 
apparatus are provided in Appendix A.
3.2.2 Procedures
The following procedure was used in preparing the 
mixing cell and C02 reservoir for a C02/stock-tank-oi1 
run. The mixing cell was cleaned using toluene and hexane 
and was then positioned vertically, sample side up. The 
piston was positioned such that the entire space above 
the piston would be occupied by the sample. The sample 
cavity was then filled with stock tank oil which had been 
filtered thru a 0.5 micron stainless steel filter. The 
appropriate end cap was secured in place. The vessel was 
then inverted to the position indicated in Figure 3.1 B 
and the ethylene glycol cavity was filled with ethylene
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TEMCO DOME LOADED BACK PRESSURE REGULATOR
Figure 3.4
glycol. The remaining end cap was then secured in place. 
The mixing cell was next connected to the system. Fifty 
cc of ethylene glycol was loaded into the ethylene glycol 
cavity of the C02 reservoir using a similar procedure. A 
syphon-tube cylinder supplying saturated liquid C02 was 
then connected to the CQ2 reservoir which had been 
submerged in an ice-water bath to maximize the transfer 
of liquid C02. After the liquid C02 was transfered, the 
C02 reservoir remained in the cold bath for four to six 
hours to ensure temperature equilibrium. The C02 
reservoir was then disconnected from the saturated liquid 
C02 supply, removed from the cold bath, and connected to 
the system. The pressure of the C02 vessel increased to 
approximately 3000 psig upon warming to room temperature. 
The C02 reservoir pressure was adjusted to run pressure 
either by bleeding off the C02 to reduce the pressure or 
by introducing additional ethylene glycol to increase the 
pressure. The amount of C02 metered into the mixing cell 
was calculated using the volume of ethylene glycol pumped 
into the C02 reservoir, and the associated isothermal 
compressibility data for ethylene glcol as detailed in 
Appendix B. After a predetermined initial amount of C02 
had been transfered into the mixing cell, the temperature 
controller was turned on for equilibration. This initial 
charge of C02 was usually sufficient to generate an
equimolar C02-oil mixture. The mixing cell was rocked to 
enhance initial equilibration of the C02/oil mixture 
while the system temperature was stablizing. The sample 
circulation loop was cleaned with toluene and hexane, and 
dried with compressed air or nitrogen. It was then 
evacuated using a vacuum pump. A run was started after 
the temperature control systems were on -for at least 16 
hours to ensure that temperature equiibriurn has been 
established in the system.
The above preparation procedure was modified for 
C02/live-oil runs. For a run using Brookhaven reservoir 
oil the following procedural changes were made. The 
reservoir oil density at the storage conditions of 1500 
psia and 75 deg F was calculated and used to determine 
the oil volume equivalent to the amount of oil required 
for the run. Next, the amount of ethylene glycol needed 
to fill up the ethylene glycol cavity of the mixing cell 
at 1 atm and 75 deg F was calculated. The detailed
calculation is provided in Appendix B. Fresh C02 was
*
flushed through the void space on the sample side of the 
mixing cell after the predetermined amount of ethylene 
glycol was in place. The reservoir oil was then charged 
into the sample side of the mixing cell from the 
spherical storage vessel by pumping brine to maintain a 
pressure of 1500 psia. A 0.5 micron stainless steel
■filter and a back pressure regulator were placed between 
the discharge valve of the spherical storage vessel and 
the mixing cell. The reservoir oil loading process 
continued until the pressure of the mixing cell reached 
1500 psia. The spherical storage vessel was then 
disconnected from the mixing cell. Ethylene glycol was 
then pumped into the top of the mixing cell to increase 
the pressure to the run pressure of 3150 psig. Two runs 
using Brookhaven flashed oil employed a similar procedure 
for sample loading. The calculation of Brookhaven flashed 
oil density is also provided in Appendix B.I
Each run employed the following procedure. The 
valves on the sample circulation loop were opened and 
C02/oil mixture was allowed to fill up the previously 
evacuated loop while ethylene glycol was pumped into the 
mixing cell to maintain the pressure. The circulation 
pump was then turned on to circulate the C02/oil mixture 
through the high pressure sight glass and the filter at 
the rate of approximately 50 cc per minute, measured at 
run conditions. The first flash sample was taken with 
flow switched to a second filter holder after thirty 
minutes of circulation. Any gas which evolved during the 
flash was measured with a wet test meter.and analyzed by 
GC as desired, using a 10 cc pressure-1ok syringe. 
Evolved liquid was collected into a vial, weighed, then
stored -for later GC analysis. C02 was introduced into the 
mixing cell at a rate of .3 cc per minute after the -first 
flash sample was collected. Run data were recorded every 
ten minutes. Data included the pressure and temperature 
of the system, the differential pressure across the
filter, and visual observations of the high pressure 
sight glass. The presence of precipitate was indicated by 
an increase in the differential pressure across the
filter, in addition to the sight glass observations. A
maximum of 150 psid was allowed to build up across the
filter before flow in the circulation loop was again 
switched to a new filter. The filter containing precipate 
was then disconnected and replaced with a new filter. 
Four to eight filters were required per run. The filter 
element was removed from the filter holder and air dried 
for forty eight hours, then the weight of organic 
precipitate was determined. Approximately 10 to 12 flash 
samples were collected during a run. The run continued to 
a bulk C02 concentration of approximately 96.5 mole 
percent. The C02/oil mixture was then positively 
displaced through the sight glass and filter, and 
ultimately flash separated. Pressure maintainance during 
this sample unloading process was accomplished by pumping 
ethylene glycol back into the mixing cell, and adjusting 
the sample discharge rate using a needle-type bleed
valve. An additional filter Mas collected as a result of 
this process. Finally, the bottom of the mixing cell and 
the circulation loop were flushed with C02 to mobilize 
any remaining precipitate into the last filter collected 
during the run. The run procedure described above 
requires approximately 30 hours of preparation, and can 
be completed in about additional 16 hours.
3.3 Calibration of the System
3.3.1 Decane lest Runs
After the prototype variable volume circulating cell 
was fully pressure/temperature tested and operational, 
the equipment was calibrated at reservoir conditions 
using the well characterized C02/decane binary. A 
pressure- composition diagram for C02/decane mixtures is 
shown in Figure 3.5. Two C02/decane test runs were 
conducted at 160 deg F and at 1500 or 2000 psig. The 
purposes of the test runs were to investigate whether 
adequate mixing occured in the mixing cell, and whether 
the ethylene glycol volume entering the C02 vessel 
provided an accurate estimate of the bulk C02 content of 
the sample.
To promote mixing in the mixing cell, two teflon 
baffles were positioned on the sample side of the mixing 
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approximately 8 cc/ntin, which is about 25 times that of 
the C02 input rate.
The results of these two C02/decane tests showed
that:
1. Only one phase was observed via the high
pressure/temperature sight glass during the run at 2000 
psig. During the run at 1500 psig, two phases appeared 
in the sight glass at a C02 bulk concentration of 
approximately 82 mole percent. Since the C02/decane 
phase diagram shows two phases forming at 72 mole percent 
C02 for these conditions, the above observations 
suggested that adequate mixing plus accurate C02 levels 
were almost obtained in the mixing cell.
2. Figures 3.6 and 3.7 show that the ethylene glycol 
input volume provided satisfactory estimations of the 
bulk CD2 contents of the CQ2/decane mixtures. The 
method used to calculate C02 concentration is shown in 
Appendix B.
3. Figure 3.5 and Gibbs phase rule for a binary system 
limit the concentration of C02 in the C02/decane liquid 
phase to 72 mole percent at 1500 psi and 160 deg F. The 
C02 concentration of the flashed sample did not remain at 
72 mole percent because vapor phase was apparantly 
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4. No leakage was found around the floating pistons of
the mixing cell or the C02 reservoir.
5. The pressure of the system was maintained steadily 
at the test pressure by setting the dome loaded back
pressure regulator approximately 100 psi lower than the
run pressure.
6. The temperature of the mixing cell was maintained at 
test temperature by setting the temperature controller 10 
deg F lower than the run temperature. The temperature of 
the circulation loop was maintained approximately 20 deg 
F lower than the test temperature by setting the glycol 
bath circulater heater at run temperature.
7. The differential pressure across the filter 
decreased from approximately 2 psid to approximately .5 
psid and the weight of the filter element increased a 
negligible amount, approximately .0024 g and .0031 g, 
during each run.
3.3.2 Crude Oi.1. Test Runs
Two preliminary crude oil runs were attempted using 
Brookhaven stock tank oil at 111 deg F and 1500 or 1B0O 
psig, after the system had been calibrated successfully 
with the C02/decane binary. A pressure-composition 
diagram for C02/Brookhaven-flashed-oi1 mixture is shown 
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investigate whether mixing was adequate in the mixing 
cell -for a CD2/crude-oi 1 sample at reservoir conditions. 
The degree of mixing could be examined by comparing the 
phase behavior observed via the sight glass to data shown 
in Figure 3.6, and comparing the bulk C02 concentration 
to flash C02 concentrations. Whether the mixing would be 
vigorous enough to mobilize precipitate, which is 
expected for C02/Brookhaven-crude mixtures, toward the 
filter was also investigated.
The temperature controller was recalibrated 
following the C02/decane test runs. The run temperature 
during the above two experiments agreed with the 
controller's set temperature within + 0.5 deg F. The
C02 from the C02 reservoir was used as the pressure 
source for the dome loaded back pressure regulator in 
place of the nitrogen for the above two runs. This 
change provided a more consistant and economic way to 
maintain system pressure. The results from these two 
preliminary Brookhaven stock tank oil runs indicated that 
mixing in the presence of the two teflon baffles on the 
sample side of the mixing cell did not provide the 
turbulence needed to adequately mix the C02/crude-oi1 
binary. Additionally, it had the unexpected adverse 
effect of trapping significant amounts of the precipitate 
between the teflon baffles. Also, the circulation rate
of B cc/min at run conditions, which is the maximum flow 
rate for the Eldex pump, did not seem sufficient. 
Figures 3.9 and 3.10 suggest that only the denser oil- 
rich phase was present in the circulation loop during 
each run. Furthermore, two phases did not appear via the 
sight glass until the bulk C02 concentration was greater 
than 95 mole percent. For the run at 1500 psig, the 
differential pressure across the filter increased to 120 
psid at a C02 concentration of 79 mole percent, and 
dropped to 8 psid after the filter was changed. However, 
the differential pressure never reached above 50 psid for 
the second filter during the rest of the run. For the 
run at 1800 psig, the differential pressure across the' 
filter never exceeded 60 psid.
To improve mixing inside the mixing cell, the Eldex 
pump was replaced by a Whitey pump, which is capable of 
producing a circulation rate of 50 cc/min at run 
conditions. The teflon baffles were removed and a nozzle 
was positioned at the returning fluid side of the 
circulating loop. This nozzle was designed to create a 
greater impact force between the circulating fluid and 
sample inside the cell. The jetting phenomenon was also 
expected to push precipitate out of the mixing cell, 
toward the filter. Finally, an additional step was 
adopted for future C02/crude-oi1 experiments; namely,
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to flush the bottom of the cell and the circulating path 
with CD2 to mobilize any remaining precipitate toward the 
filter after the sample was positively displaced through 
the sight glass and filter.
A run was conducted using Brookhaven stock tank oil 
at 1830 psig and 111 deg F after the above modifications 
for enhancing the mixing effect had been completed. Two 
phases were observed via the sight glass for C02 level 
concentrations greater than 72 mole percent, which is in 
close agreement with the 71 mole percent bulk C02 
suggested by Figure 3.8. The (CD2 concentrations of 
twelve flash samples are shown in Figure 3.11. The 
results indicate that adequate mixing was obtained during 
the run. Details of this run will be discussed in the 
following chapter.
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CHAPTER IV
RESULTS AND DISCUSSION OF THE 
EFFECTS OF PRESSURE, TEMPERATURE,
AND OIL COMPOSITION
4.1 Pentane-induced Asghaijtene Precieitation
, The amount of pentane-induced asphaltene
precipitation for Brookhaven stock tank oil was
determined by performing a familiar asphaltene test. The 
following procedure was employed. A stock tank oil sample
was agitated with pentane at room temperature for
approximately 30 minutes, then left in the dark for 24 
hours. The ratio of 20 ml of pentane to 1 gram of oil 
was used. For Brookhaven stock tank oil this is 
equivalent to a 98.4 mole percent pentane solution. 
Following the 24 hour soak, the solution was decanted 
through a double-walled cellulose thimble (5 micron), 
which was then placed in a Soxhlet extractor and 
extracted with pentane until all the pentane-soluble 
materials had been removed. Toluene was then used to 
extract the pentane-insoluble asphaltenes from the
double-walled cellulose thimble. Finally, the
asphaltenes were separated from toluene using a rotary 
evaporator.
To calibrate the variable volume circulating cell 
against the familiar asphaltene test mentioned above, run
63
No. PI was .conducted with pentane loaded in the C02 
reservoir. Run conditions were room temperature and a 
pressure sufficient to prime the circulating pump (330 
psig>. The initial mixture in the mixing cell contained 
34 g of Brookhaven stock tank oil and 21 ml of pentane, 
which is equivalent to a 64.7 mole percent pentane 
solution. A single orange-colored phase was observed via 
the sight glass, and the differential pressure across the 
filter (delta P> was about 18.4 psid at the beginning of 
the experiment. As the pentane concentration increased 
to about 87 mole percent the delta P slightly decreased 
to 17.5 psid, and the color of the pentane/oil mixture 
became yellow. At 96.9 mole percent pentane, the delta 
P had steadily increased to 43.7 psid. The color of the 
pentane/oil mixture had become light yellow and the 
pentane-induced asphaltenes were observed in the sight 
glass. While some asphaltene attached to the sight glass 
windows, the major proportion seemed to be dispersed in 
the circulating pentane/oil mixture. As the pentane 
concentration increased to 97.2 mole percent the delta P 
increasedly rapidly to about 90 psid, and more 
asphaltenes were observed in the sight glass. The first 
filter was collected, and the delta P dropped to 48 psid 
when the mixture was circulated through the new filter. 
As the pentane concentration increased to 97.3 mole
percent, the delta P again jumped to 120 psid. The 
second filter was collected due to such a significant 
delta P increase. The initial delta P for the third 
filter was 67.1 psid and it decreased to 54 psid at the 
terminal pentane concentration of 98.4 mole percent. 
The final pentane/oil mixture was circulated for an 
additional 2.5 hours, with no further change in delta P. 
The third filter was collected at the end of this 
circulation. Three additional filters were collected 
during sample unloading and C02 flushing. Details on 
these two processes were presented in Section 3.2.2.
Figure 4.1 depicts the solid phase formation profiles 
for the above described run. The data used to generate 
the curves in Figure 4.1 and other run profiles presented 
in this chapeter are provided in Appendix D. Both plots 
in Figure 4.1 are shown as a function of bulk pentane 
concentration. The lower plot shows the build-up of 
differential pressure across a filter as precipitate was 
trapped. The upper plot shows individual and cummulative 
Cwl, a dimensionless variable which is defined as the 
gram of trapped organic precipitate (asphaltenes) per 
gram of stock tank oil initially charged into the 
mixing cell. The ultimate CW3 was 0.0337 when the run was 
terminated at a pentane concentration of 98.4 mole 
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Figure 4.1 Run Nc. FI Solid Phase Formation Profiles
0.0222 obtained using the -familiar asphaltene test which 
employs the same pentane concentration. Several 
explanations address why more organic precipitate was 
obtained using the variable volume circulating cell as 
compared to the -familiar asphaltene test. Asphaltenes 
trapped using the variable volume circulating cell were 
not extracted with clean pentane; therefore, the organic 
precipitate probably included some pentane-solub’e 
resins. Secondly, the pore size of the double-walled 
thimble used in the familiar asphaltene test was S micron 
which is 10 times larger than the 0.5 micron filters used 
in the variable volume circulating cell. Thus, some 
smaller asphaltene molecules were not trapped by the 
double-walled thimble. Thirdly, increasing pressure may 
have promoted precipitation. Although the variable 
volume circulating cell trapped more organic precipitate 
than the familiar asphaltene test, the results confirm 
that the prototype apparatus successfully monitors the 
dynamics of heavy hydrocarbon deposition.
4. 2 QQ2-Induced Organic. Deposit.i_on
4.2.1 Xhe Effect of Pressure
Table 4.1 summarizes the experimental results from 
six runs designed to investigate the effect of pressure 
on C02-induced solid phase formation. Pressure was 
varied from 500 to 4250 psig. As mentioned in Chapter
68
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Ill, the highly asphaltic Brookhaven crude was selected 
for these experiments because it exhibited extensive 
solid phase formation in phase behavior and displacement 
studies using C02. Each experiment was conducted at 111 
deg F which exceeds C02's critical temperature of B8 deg 
F. The temperature of 111 deg F was selected because it 
represents a typical reservoir condition, and since a 
pressure-composition diagram for C02/Brookhaven-flashed- 
oil was available at this temperature (Figure 3.8). The 
MMP for Brookhaven stock tank oil at 111 F is 2330 psia
i
according to the correlation of Alston et al. (1985).
4. 2. 1. 1 Run No.. i
As indicated in Table 4.1, this run was conducted at 
111 deg F and 1830 psig which is near the predicted MMP. 
Figure 4.2 illustrates the solid phase formation 
profiles. The ultimate CW3 was 0.0406 when the run 
terminated at a bulk C02 concentration of 96.5 mole 
percent. At the initial C02 concentration of 48.4 mole 
percent, a single reddish oil phase was observed via the 
sight glass. The C02/oil mixture remained single phase 
until small gas bubbles appeared at a bulk C02 
concentration of 72 mole percent. The delta P slowly 
decreased while the mixture remained single phase and CD2 
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Figure 4.2 Run No. 1 Solid Phase Formation Profiles
jumped rapidly -from 24 to 148 psid as the C02 
concentration increased -from 73 to 74 mole percent and 
the C02/oil mixture became two phase. The delta P 
continued to increase with the increasing bulk CQ2 
concentration until the run was terminated. After the 
C02/oil mixture became two phase, the volume fraction of 
C02-rich phase grew as the run proceeded. The color of 
the C02-rich phase also gradually changed from clear to 
slightly yellow. In contrast, the oil-rich phase shrank 
and its color turned darker for C02 concentrations 
greater than 72 mole percent.
4.2. 1.2 Run No.. 2
Run No. 2 was conducted at 2450 psig which is above 
the predicted MMP. The solid phase formation profiles 
for rjun No. 2 are illustrated in Figure 4.3. Visual 
observations suggested that although the phase behavior 
was very similar to Run No. 1, more solid phase was 
visible in the sight glass for Run No. 2. Some solid 
phase even adhered to the sight glass windows during Run 
No. 2. This did not occur during Run No. 1. Moreover, 
the solid phase which initially adhered to the sight 
glass window, was gradually washed away by the 
circulating C02/oil mixture when the C02 contentration 
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Figure 4.3 Run No. 2 Solid Phase Formation Pro-files
dispersed in the oil phase. The solid phase formation 
profiles in Figure 4.3 are consistent with the visual 
observations. Three filters were collected between C02 
concentrations of 74 and 82 mole percent, as the delta P 
rapidly surpassed 120 psid. The delta P then slowly 
increased to 97 psid and 75 psid for bulk CQ2 
concentrations of 91.7 and 94.7 mole percent with an 
additional two filters collected. The ultimate CW3 for 
Run No. 2 was 0.0383. ' Although this is slightly less
than the 0.0406 CW3 obtained during Run No. 1, 
precipitation was for a while more extensive during Run 
No. 2 when the two-phase region was first encountered but 
was largely completed over a narrower range of bulk C02 
concentrations.
4.2.1.3 Run Ng^ 4
This run was performed at 3150 psig which is about 
800 psig greater than the predicted MMP. The solid phase 
formation profiles for Run No. 4 are illustrated in 
Figure 4.4. The ultimate CW3 was ' 0.0373, which is 
slightly less than the 0.0383 CW3 of Run No. 2. The major 
difference between these two runs is that for Run No. 4, 
solid phase formation occurred over an even narrower 
range of bulk C02 concentrations. In other words, 
asphaltene flocculation was more vigorous yet less 
extensive for the higher pressure. Visual observations
74
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Figure 4.4 Run No. 4 Solid Phase Formation Pro-filer
confirmed this phenomenon. For example, at a bulk C02 
concentration of 86 mole percent, asphaltenes almost 
completely covered the sight glass windows during Run No. 
4, but this C02 level had already removed adhered 
asphaltenes during Run No. 2. The amount of asphaltenes 
attached to the sight glass windows decreased shortly 
after the third filter was collected at a bulk C02 
concentration of 88.3 mole percent. No asphaltenes were 
observed in the sight glass for C02 concentrations 
greater than about 92 mole percent. Figure 4.5I
illustrates the phase behavior observed at various C02 
concentrations. One important finding from this run is 
that a slight amount of asphaltene is sufficient to cover 
the sight glass windows. After adhered asphaltenes became 
mobile for bulk C02 concentrations greater than 88.3 mole 
percent, the delta P never exceeded 5 psid. This suggests 
that the adhered asphaltene represented an insignificant 
amount, and that using visual observations to quantitate 
organic deposition is an unreliable method. Furthermore, 
gas-oil ratios are not sensitive to the deposition of 
asphaltenes. As described in Section 3.3.2, the bulk- 
mixture was sampled as filters were collected. Appendix 
D provides the mixture compositions which were generated 
from recombination for all the runs performed. The 
results show that the amount of deposition is not
(a)
50 mole 7. C02 
single phase reddish oil
(b)
70 mole 7. C02 
single phase orange oil
(a)
75 mole V. CQ2 
two phase,gas bubble e.nd oil
<d>
86 mole 7. C02 
three phase, C02 and oil- 
rich liquid plus solid
(e)
90 mole 7. CD2 
three phase, C02 and oil- 
rich liquid plus solid
(■f)
96 mole 7. CD2 
two phase, C02 and oil- 
rich liquid
Figure 4.5 Visual Observation during Run Nc. 4
sufficent to significantly increase the bulk C02 content.
4.2. 1.4 Run No.. 6
This run was performed at the highest pressure tested
, 4250 psig, which is about 2000 psig above the predicted
MMP. The solid phase formation profiles shown in Figure
4.6 resemble those of Run No. 4, except that
precipitation for this run terminated at about 86 mole 
percent CD2. This indicated that the three phase region 
at 4250 psig (Run No. 6) was slightly narrower than that 
at 3100 psig (Run No. 4). This observation again
suggests that the intensity of C02-induced organic 
deposition increases with pressure. The ultimate CW3 of 
0.0326 also follows the trend that the extent of 
deposition decreases slightly with increasing pressure 
for pressures greater than the MMP. It should be noted 
that the above observations are for single-contact 
C02/oil mixtures; these pressure effects may change in 
multiple-contact mixing. The phase behavior observed for 
Run No. 6 was very similar to Run No. 4. Asphaltenes 
completely covered the sight glass windows at about 82 
mole percent C02, and two phases became more visible for 
C02 concentrations greater than 90 mole percent.
4.2.1.5 Run No.. 3
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to the C02 critical pressure, and 1250 psig below the 
predicted MMP. The solid phase formation profiles are 
illustrated in Figure 4.7. Although the delta P began 
to increase at a C02 concentration of about 67 mole 
percent, no solid phase was visible through the sight 
glass. A single liquid phase was observed for bulk C02 
concentrations less than 64 mole percent. The first 
filter was collected at 78 mole percent C02 when the 
delta P reached 102 psid. The delta P then reached 92 
psid at 80 mole percent C02 and decreased to 55 psid at 
91 mole percent C02. The results suggested that 
asphaltene flocculation was reduced at pressures below 
the MMP. Because the density of C02 at run conditions 
was about one third of that in previous runs, the 
circulation rate was doubled to enhance mixing after the 
fourth filter installment at 92 mole percent CD2. The 
delta P across the fourth filter increased from 1 to 78 
psid in response to this increment in flow rate. The 
fourth filter was collected at 96.7 mole percent C02 when 
the delta P was 84 psid. The normalized ultimate CW3 was 
0.0325 for this run.
4.2.1.6 Run No.. 5
This run was conducted at 500 psig which is 
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Figure 4.7 Rl"i N o . 3 Solid Phase Formation Pro-file
N
C02 behaves like a gas. The solid phase -formation 
profiles shown in Figure 4.B indicate that the ultimate 
EW3 was 0.0136. Two phases, an oil-rich liquid and a 
C02-rich gas, were observed throughout the run .which 
began with a bulk C02 concentration of 50.7 mole percent. 
Only three filters were collected during this run because 
the delta P never exceeded 27 psid. An additional run 
(Run No. 17) was later conducted at the same condition as 
run No. 5 except that it began with only oil in the 
mixing cell so that the behavior of undersaturated oil 
can be probed. The C02/oi1 mixture remained single phase 
until gas bubbles appeared at a bulk C02 concentration of 
about 30 mole percent. This run was terminated at about 
50 mole percent C02, and the ultimate 
CW3 was 0.00845.
4. 2. 1. 7 Di.scussi.on of Pressure Effect
Figure 4.9 illustrates the pressure-composition 
diagram generated from an analysis of solid phase 
formation profiles and visual observations for run No's 1 
through 6 and 17. This phase diagram resembles those 
generated from PVT data for similar C02/crude-oi1 systems 
in that simple bubble-point behavior is observed for bulk 
C02 concentrations below about 70 mole percent, with an 
immiscible two phase liquid-liquid region present at 
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Figure 4.9
that at high C02 concentrations a three phase liquid— 
liquid-solid region is nested within the two phase 
liquid-liquid region. The three phase region is seen 
only qualitatively with typical PVT measurements. The 
results show that solid phase -formation begins at 
approximately 1090 psig. The CQ2 density at 1090 psig and 
111 F is about 0.27 g/cc which is in close agreement 
with the reported C02 density range of 0.25 to 3.5 g/cc 
required to initiate substantial hydrocarbon extraction 
(Holm and Josendal, 1982). This finding suggests that
C02's ability to extract and solubilize hydrocarbons 
from the crude is one of the mechanisms responsible for 
CQ2-induced organic deposition. Holm and Josendal (1982) 
note that hydrocarbon extraction increases as the 
pressure increases because the C02 solvency (density) 
also increases. Figure 4.9 indicates that the three 
phase region narrows with increasing pressure. Visual 
observations also indicated that deposition occurred
f
within a narrower C02 concentration range as pressure 
increased. This again suggests that hydrocarbon 
extraction by C02 plays an important role in C02-induced 
asphaltene precipitation.
Figure 4.10 depicts the relationship between ultimate 
CW3 and run pressure for C02/Brookhaven-stock-tank-oi1 
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Figure 4.10
increased rapidly with pressure to a maximum of 0.0406 at 
1830 psig, then declined slightly with further increases 
in pressure. The dependence of EW3 on pressure resembles 
the relationship between oil recovery and pressure seen 
in the typical slim-tube determination of MMP. Figure 
4.11 illustrates the ultimate recoveries from sand pack 
displacements of Brookhaven stock tank oil at 109 deg F 
as a function of displacement pressure (Monger and 
McMullan, 19B2). Recoveries climb steeply with pressure 
until miscibility is obtained. Beyond the measured MMP 
of approximately 2000 psig further increases in pressure 
only slightly increased oil recoveries. Since organic 
precipitate was observed during the sand pack runs, it 
seems likely that the slight improvement in oil recovery 
at pressures exceeding the MMP is in part explained by 
the reduction in oil losses due to deposition.
Figure 4.10 shows that C02-induced organic deposition 
as monitored using the variable volume circulating cell 
peaked at a pressure near the MMP. Bryant and Monger 
(1985) reported forward-contact PVT results which showed 
that precipitate formation is associated with and becomes 
more extensive with the development of multiple-contact 
miscibility. The role of MMP in organic deposition 
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4.2.2 The Effect of Temperature
The effect of temperature on precipitate deposition 
can be addressed using the results of the five runs 
listed in Table 4.2. Run No's 6 through 8 were performed 
at 4250 psig using Brookhaven stock tank oil, and at 
temperatures of 111, 185 and 95 deg F respectively. These 
run conditions are above the MMP, according to 
experimental MMP determinations by Monger and McMullan 
(1982) and the correlation of Alston et al. (1985). Run
No's 3 and 16 were performed at 10B0 psig using 
Brookhaven stock tank oil, and a t 1 temperatures of 111 and 
1B5 deg F respectively. These run conditions are below 
the MMP. The results of run No. 6 including solid phase 
formation profiles (Figure 4.6) were presented in the 
previous section. Formation profiles for run No's 7 and 
8 are illustrated in Figures 4.12 and 4.13. The run 
profiles for Run No.'s 6 through 8 are similar, except 
that deposition occurs over a narrower C02 concentration 
range at the highest temperature. This suggests that the 
three phase liquid-liquid-solid region decreases in size 
with increasing temperature, ah effect which has been 
reported for the two phase liquid-liquid region (Monger 
and Khakoo, 1981). Visual observations during these two 
runs were very similar to those for Run No. 6 (Section 
4.2.1.4). The ultimate EU)3's for these runs are plotted
89
TABLE 4.2
TEMPERATURE EFFECT ON PRECIPITATE FORMATION 
USINB BROOKHAVEN STO
Predicted# Measured## 
RUN PRESSURE TEHPERATURE MNP MNP
NO. (psig) (degree F) (psia) (psig)
6 4250 111 2330 220B
7 4250 185 4005 3200
S 4250 95 1976 1920
3 10B0 111 2330 2200
16 1060 105 4005 3200
* Calculated using the correlation of Alston at el. 
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Figure 4.13 Run No. 8 Solid Phase F o r m a t i o r  Pro-files
vs temperature in Figure 4.14. Figure 4.14 illustrates 
that temperature has little in-fluence on precipitate 
deposition at conditions above the MMP. Thus, 
temperature is a variable only in that it determines the 
pressure required to develop miscibility, or to achieve 
the C02 density -for efficient hydrocarbon extraction. The 
solid phase formation profiles of Run No.'s 3 and 16 are 
illustrated in Figures 4.7 (Section 4.2.1.5) and 4.15. 
Figure 4.15 indicates that the amount of deposition 
during Run No. 16 was not sufficient enough to increase 
the delta P; however, the delta P's during run No. 3 
reached above 90 psid three times as indicated in Figure 
4.7. The comparison of the ultimate EWD's for these two 
runs is shown in Figure 4.16. It illustrates that
increasing temperature decreases the extent of
precipitate deposition at conditions below the MMP. The
C02 density at 4250 psig and 111 deg F is 0.15 g/cc which
is below the minimum required C02 density range of 0.25
to 0.35 g/cc to initiate sustantial hydrocarbon 
extraction, while the C02 density at 1080 psig and 111 
deg F is 0.27 g/cc. This again suggests that C02 needs 
to extract sustantial hydrocarbons from the oil to induce 
organic deposition. Thus, for a constant pressure below 
the MMP, as temperature increases the C02 density 
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To investigate whether the presence of light ends (Cl 
- C4> affects C02-induced organic deposition, the 
experiments summarized in Table 4.3 were performed. Three 
Brookhaven oil compositions were employed for these runs; 
namely, Brookhaven stock tank oil, reconstituted 
Brookhaven reservoir oil, and Brookhaven flashed oil. As 
indicated in Table 3.5, Brookhaven reservoir oil
contained 11.4 mole percent methane plus 9.7 mole percent
C2-C4, while Brookhaven flashed oil contained 2.5 mole 
percent methane plus 15.3 mole percent C2-C4. Table 4.3 
summarizes the results of the light end tests, which were 
conducted at 111 deg F and about 600 to 800 psi above the 
predicted MMP. Figures 4.4, 4.17, 4.18 and 4.19
illustrate the solid phase formation profiles for run 
No's 4, 9, 15 and 12 respectively. A comparison of these
profiles suggests that the level of C02 required to 
induce precipitate formation is affected by the presence 
of light ends. For the dead oil, deposition initiated at 
a bulk C02 concentration of approximately 74 mole percent 
(Figure 4.4). For the reconstituted oil, deposition
initiated at the lower bulk CQ2 concentration of
approximately 66 mole percent (Figure 4.17). For the
97
TABLE 4.3 







* Calculated using the correlation of Alston et al.
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Figure 4.19 Run No. 12 Solid Phase Formation Profiles
flashed oil, deposition initiated at the lowest bulk C02 
concentration of approximately 58 mole percent (Figure 
4.18). Also, deposition continues with increasing C02 for 
the dead oil, but is essentially complete at initiation 
for the live oils, especially the flashed oil. 
Correspondingly, less C02-induced precipitates were 
collected during the live-oil runs. As indicated in Table
4.3, the amount of deposition is normalized on the bases 
of grams of total hydrocarbon (including light ends) or 
grams of stock tank oil (excluding light ends). On both 
bases, deposition was most extensive for the stock tank 
oil, and least extensive for Brookhaven flashed oil; 
however, there is less variation when the comparison is 
made on a stock tank oil basis, which is perhaps more 
appropriate since the precipitating material is heavy 
hydrocarbon. It has been reported that when C02 first 
contacts the oil, it vaporizes and/or exchanges place 
with methane and to a less extent C2-C4 (Holm and 
Josendal, 1974). Therefore, it seems reasonable to 
correlate the reduction of CW3 with the content of C2-C4 
instead of C1-C4. For Brookhaven reservoir oil, the 
ratio of C2-C4 to C5+ is 0.12, and the ultimate CW3 is 
about 9 percent less than that for Brookhaven stock tank 
oil (on a stock tank oil basis). For Brookhaven flashed 
oil, the ratio of C2-C4 to C5+ is 0.20, and the ultimate
CW3 is about 23 percent less than that tor Brookhaven 
stock tank oil (on a stock tank oil basis). These results 
suggest that the mechanism ot deposition and perhaps the 
composition ot the precipitating material depend upon the 
light end content ot the oil.
4.2.3.2 Stock Jank Oil
To Turther investigate the influence of oil 
compostion on C02-induced organic deposition, results 
were obtained using stock tank oils from five different 
fields. As indicated in Tables 3.2 to 3.4, the oils 
varied in aromatic contents(5.7 to 15%), molecular 
weight distribution(15.0 to 45.0 C36+ wt%), viscosity( h 
to 204 cp), and acidity( .034 to 1.790). Solid phase 
formation profiles for the five stock tank oils examined 
are shown in Figure 4.4 and Figures 4.20 through 4.23. 
Table 4.4 summarizes the experimental results. The 
results show that the ultimate CW3 varys from .00997 to 
.0373. Linear least squares analysis revealed that the 
extent of deposition did not correlate with any single 
physical or chemical property. Linear correlation 
coefficients for CW3 versus aromatic content, weight 
percent C36+, viscosity, and acidity were 1.23E—3, —
4.95E-4, -1.50E-6, and -4.73E-3, respectively. Thus, an
empirical correlation was formulated which used several 
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TABLE 4.4










4 Brookhaven 2330 3150 0.03730
14 Huntington 3318 4250 0.01450
13 Bath 2051 3150 0.00743
11 Hilly Upland 2197 3150 0.00782







* Calculated For stock tank oil at 111 F using the 
correlation of Alston et al.(1985)
of a stock tank oil to exhibit C02-induced depostion. The 
correlation uses an FM number which is calculated as 
follows.
FM = LOG ( R ' X 2 * H ‘" ' . 5 * U A 2 / A ' X 3 > 
where :
R = the aromatic carbon content (obtained from C13 
NMR analysis),
H = the weight percent of hydrocarbons heavier than 
C36 (obtained from gas chromatography),
U = the viscosity of the stock tank oil (measured at 
75 deg F and 1 atm), and 
A = the acid number (defined as the milligrams of 
potassium hydroxide needed to neutralize 1 
gram of crude oil).
Figure 4.24 illustrates the relationship between CW3 
and FM number. It indicates that C02-induced organic 
deposition becomes significant for FM numbers greater 
than 8. It is well known that asphaltenes are highly 
aromatic, and an analysis of the material trapped by the 
stainless steel filters during a C02/Brookhaven-stock- 
tank-oil run revealed that the solid phase has an 
aromatic carbon content of over 2254 , which is almost 
twice the average aromatic content of Brookhaven stock 
tank oil. The FM correlation suggests that high
0.05
EXPERIMENTAL RESULTS OF [W] V S  FM
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Figure 4.24
aromaticity does promote deposition but that other oil 
properties are also significant. A large content of heavy 
hydrocarbons and a high viscosity also promote 
deposition, while a high acidity hinders depostion. How 
depositon is affected by rock effects such as 
wettability, water saturation, and clay content will be 
discussed in Chapter V. Moreover, while C02—induced 
organic depostion is more pronounced for FM numbers 
greater than 8, additional experiments were performed to 
determine whether even low levels of depostion could 
significantly alter rock wettability.
CHAPTER V
RESULTS AND DISCUSSION OF POROUS MEDIA EFFECTS
Consolidated Berea sandstone cores Mere used to 
investigate the effects of porous media on C02-induced 
organic deposition. The factors examined include (1) 
initial wettability, (2) brine saturation, (3) brine 
chemistry, and (4) clay activity. Table 5.1 summarizes 
the core conditions for run No.'s 18 to 22, which were 
performed using Brookhaven stock tank oil at 111 deg F
Iand 3150 psig. The amount of C02-induced organic 
deposition on Berea core plugs was determined by the
method described in Appendix E. Core wettability was
determined using the Amott method ( Amott, 1959; Cuiec, 
1978). The procedures for core preparation and 
wettability measurement are also presented in Appendix E.
5. 1 Effects of Porous Medi_a 
5. 1. 1 Run No«_ IB
The test conditions for run No. 18 were exactly 
the same as those for run No. 4 except that clean Berea
cores were used to trap the precipitate instead of
stainless steel filters. The cores were 2 inch in 
diameter by 1.5 inch long, and were exposed to fresh 






RUN NO. S W m  FE+++ CLAY dia. X length
18 0* 0 NO 2" X 1.5"
19 0 0 NO 1” X 0.4”
20 45 0 NO 2" X 1.5"
21 58 100 PPM NO 2" X 1.5"
22 48 0 YES 2" X 1.5"
i
core is strongly water-wet (see Section 5.2) while 
moderately oil-wet behavior is reported for stainless 
steel filters (personal correspondence). The pore size 
of the stainless steel filters (0.5 microns) falls within 
the distribution of pore sizes in Berea sandstone. The 
major difference between these porous media is surface 
chemistry, which is reflected in the wettability. 
Therefore, the influence of the initial wettability of 
porous media on deposition can be probed by comparing 
the results of Run No.'s 4 and 18.
The solid phase formation profiles for run No. 18 are 
illustrated in Figure 5.1. The initial delta P was 53.4 
psid before introducing C02 into the mixing cell, and 
decreased to 8.6 psid at 72 mole percent C02 when two 
phases were visible in the sight glass. The delta P then 
increased to 32.5 psid at 79 mole percent C02. It 
remained at about 32 psid for C02 concentrations between 
79 and 86 mole percent and then slowly decreased to 21 
psid at the terminal C02 concentration of 96.5 mole 
percent. This indicated that solid phase formation was 
initiated at about 72 mole percent C02 and continued to 
about 86 mole percent C02, which is in close agreement 
with the range of 72 to 88 mole percent C02 for run No. 
4. The Berea cores were not plugged to the extent of the 















C O 9  / 'BROOKHAVL N S  I O ( RUNi NO.  ! 8  >






8 0 1004 0 6 00 20
0 0 2  BULK MOLJS 
O INDIVIDUAL 4 CUMMULATIVE WT.
C 0 2 / B R 0 0 K H A V E N  STO ( R U N  NO.  1 8 )
3 1 5 0  PSIG *  111 F
1 6 0  -■ 
1 5 0  -  
1 4 0  -  
1 3 0  -  
120 -  
110 -  
100 -
8 0  -  
7 0  -  
6 0  -  
5 0  -  
4 0  -  
3 0  -  
20 - 
10 -
1004 0 8 00 6 020
0 0 2  BULK MOLDS
Figure 5.1 Run No. 18 Solid Phase Formation Profiles
fact that the pore volume of the core was more than 
twenty times that of the stainless steel filter. The 
ultimate CNl's of these two runs are in very close 
agreement, 0.0362 and 0.0373 for run No.'s 18 and 4 
respectively. These results suggest that the initial 
wettability of the porous media has a minimal effect on 
the extent of C02-induced organic deposition. To further 
support this finding, run No. 19 was conducted at the 
same test conditions, yet employing a smaller Berea core 
with a void space similar to that of the stainless steel 
fiIters.
5.1.2 Run No,, 19
This run was conducted at the same test conditions as 
run No's 4 and 18. The core plugs used in this run
weighed about 10.5 g and had 0.875 cc void space (18% 
Porosity). The stainless steel filters used weighed 
about 7.2 g and had about 1 cc void space. The solid 
phase formation profiles for run No. 19 are shown in
Figure 5.2. The profiles and visual observationsI
indicate that a three phase region existed between the 
bulk C02 concentrations of about 70 and 88 mole percent,
with four cores plugged. Similarly, the results of run
No. 4 (Fig 4.4) indicated that three filters were plugged 
as the three phase region was transversed between the 
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Figure 5.2 Run No. 19 Solid Phase Formation Prof: i £■-
The ultimate CWl's are again very close, 0.0373 and 
0.0411 for run No's 4 and 19 respectively. This again 
implies that initial wettability has a minimal effect on 
C02-induced organic deposition; however, additional 
experiments using oil-wet consolidated cores are required 
to substantiate this hypothesis (see Section 6.2).
5.1.3 Run NDj. 20
This experiment was designed to investigate whether 
the presence of brine in Berea core affects C02-induced 
organic deposition. Three cores were prepared by 
centrifugation in 50,000 ppm (NaCl brine to water
saturations of about 45 percent for run No. 20. The 
solid phase formation profiles are illustrated in Figure
5.3. The ultimate CW3 for run No. 20 was 0.0169. This is 
significantly less than that of run No. IB which was
conducted at the same test conditions except for no water 
saturation. This result suggests that the extent of C02- 
induced organic deposition was reduced but not eliminated 
by the presence of water. It should be noted that the
reduction in CW3 for run No. 20 could be interpreted as
an absolute permeability effect, since the presence of 
brine may have induced some clay stabilization; however, 
overall the experimental results suggest that CW3 is not 
sensitive to moderate changes in absolute permeability.
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Figure 5.3 Run No. 20 Solid Phase Formation Pro-filet
It has been reported that the presence of multi valent 
metal cations in the brine can reduce the solubility of 
natural crude surfactants and/or promote adsorption at 
the mineral surface, causing silica/brine/oil systems to 
become more oil-wet (Treiber et al., 1972; Morrow et al., 
1966). Run No. 21 was therefore designed to investigate 
whether multi valent metal cations would enhance C02- 
induced deposition. Cores used in run No. 21 were 
saturated with 50,000 ppm NaCl brine containing 100 ppm 
of ferric ion (Fe+++) and then centrifuged to establish 
an approximately 58 percent water saturation. Solid 
phase formation profiles (Figure 5.4) and visual 
observations for this run indicated that the three phase 
region occurred between approximately 70 and 90 mole 
percent C02. The ultimate CWD for run No. 21 was 0.0709, 
which is about four times that of run No. 20. This 
suggests that ferric ion overcame the hindrance of water 
blockage, and thus significantly enhanced the deposition 
of C02-induced organic precipitate onto the rock surface.
5.1.5 Run No.. 22
In order to address the effect of clay activity on 
C02-induced deposition, run No. 24 was conducted using 
three Berea cores with stabilized clay contents. The 
potassium hydroxide clay stabilization treatment proposed 
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Figure 5.4 Run No. 21 Solid Phase Formation Pro-file:
and clay-particl e-migration. Details on this treatment
are provided in Appendix E.
Solid phase formation profiles for run No. 24 are 
illustrated in Figure 5.5. The ultimate CW3 for this run 
was 0.0999, which is significantly higher than the CW3 of 
0.0169 obtained from run No. 20 which was conducted using 
cores with a similar water saturation but with 
unstabilized clays.
5.1.6 Di.scussi.on of Porous Media Effects
Table 5.2 summarizes the ultimate CWl's for run No.'s 
18 through 24, and run No. 4. All of these runs were 
performed at 3150 psig and 111 deg F. As mentioned 
previously, the effect of initial wettability can be 
addressed by comparing the results of run No.'s 4 and 18 
(or 19). Run No. 4 employed moderately oil-wet stainless 
steel filters as the porous media trap, while run No.'s 
18 and 19 employed strongly water— wet Berea sandstone 
cores. The ultimate CW3 for these runs were in close 
agreement. This suggests that the initial ,surface 
wettability has a minimal effect on C02-induced organic 
deposition; however, additional experiments are required 
to rule out the possibility that differences in pore 
topography offset initial wettability effects. For 
example, perhaps deposition increases for porous media 
which are initially more oil-wet, and which exhibit a
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Figure 5.5 Run No. 22 Solid Phase Formation Pro-fi
TABLE 5.2
POROUS MEDIA EFFECTS ON C02-INDUCED ORGANIC DEPOSITION
SIGNIFICANT POROUS 
RUN NO. MEDIA PARAMETERS
4 stainless steel filter,
no brine
18 larger Berea core,
no brine
19 smaller Berea core, 
no brine
20 1arger Berea core,
brine present
21 larger Be-'ea core,
ferric ion in brine










broader pore size distribution. It will be recommended 
in Section 6.2 that this interpretation be tested using 
Berea cores which are made oil-wet synthetically.
The results of run No. 's 4, 18 and 19 also show
that C02-induced organic depositon can be extensive, yet 
not cause -formation damage through plugging. While 
plugging could be an advantageous means of profile 
modification, it seems likely that the significant impact 
of C02-induced organic deposition in the reservoir will 
be wettability alteration. The organic film deposited on
t
the rock surface will change the relative permeabilities 
of oil and water to improve oil recovery. Further 
discussion of wettability effects will be presented in 
the next section.
Lyutin and Burdyn (1970) reported that asphaltene 
adsorption was reduced by about 60 percent when the water 
saturation in unconsolidated sandpacks increased to 30 
percent. Collins and Melrose (1983) showed that the 
maximum asphaltene adsorption on clay was reduced by 58 
percent as 6.6 weight percent of water preadsorbed on 
clay. These reported results agree qualitatively with 
the results of this study. The presence of brine reduces 
but does not eliminate the subsequent adsorption of 
organic deposits from C02/crude-oi1 mixtures.
The results of run No. 21 indicated that 100 ppm
•ferric ion in brine can enhance C02-induced organic 
deposition. There appear to be two explanations -for these 
■findings. Firstly, multivalent metal cations can reduce 
the solubility o-f asphaltenes and resins in the crude. 
Secondly, multivalent metal cations can act like a bridge 
between the mineral surface and the organic precipitate, 
therefore helping to bind the precipitate to the surface.
Collins and Melrose (1983) measured the maximum 
adsorption of asphaltene on clay minerals and Berea 
sandstone. They found that the adsorption of asphaltenes 
on Berea rock is similar, on an equivalent surface area 
basis, to that on clay minerals. The mass of adsorbed 
asphaltenes on clay minerals is much higher than that on 
Berea sandstone on an equivalent weight basis. For 
example, 30 mg of asphaltenes can be adsorbed on 1 g of 
kaolinite while only 1.8 mg of asphaltenes is the maximum 
adsorbed on 1 g of Berea sandstone. This agrees 
qualitatively with the results of run No. 22, which 
indicate that the amount of C02-induced organic 
deposition on Berea sandstone increased significantly 
after clay contents had been stablized with potassium 
hydroxide. How clay surface area is affected by the 
potassium hydroxide treatment is not yet clear; however, 
it seems likely that clay surface availability is 
improved when clay-particle-migration is minimized.
5-2 Wettability Change Ihrough C02~Induced Organic 
Deposition
The wettabilities of clean Berea cores and cores 
obtained -from run No.'s IS" through 22 were measured using 
the Amott method (Amott, 1959; Cuiec, 1978). The Amott 
method combines imbibition and forced displacement to 
measure the average wettability of a core. This method 
is based on the fact that the wetting fluid will imbibe 
spontaneously into the core, to displace the nonwetting
tfluid. The ratio of spontaneous imbibition to forced 
imbibition is used to reduce the influence of other 
factors, such as relative permeability, viscosity, and 
the initial saturation of the rock. The test results
are quantified using (1) the displacement-by-oil ratio 
(DOR), and (2) the displacement-by-water ratio (DWR), 
which are defined as:
DOR = A/ (A + B) , and 
DWR = C/(C + D);
where
A = water volume displaced by spontaneous oil 
imbibition,
B = water volume forcedly displaced by oil,
C = oil volume displaced by spontaneous water 
imbibition, and
D = oil volume -forcedly displaced by water. 
Water-wet cores have a positive DWR and a zero DOR. The 
DWR approaches 1 as the water wetness increases. 
Similarly, oil-wet cores have a positive DOR and a zero 
DWR. Both ratios are zero for neutrally wet cores. 
However, if a core has mixed wettability, both ratios are 
positive.
Table 5.3 shows the results for wettability 
measurements on five clean Berea cores. The results 
indicate that the Berea cores used in this study are 
strongly water-wet with an average DWR of 0.79, which is 
in close agreement with the DWR of 0.81 reported by 
Crocker and Marchin for Berea (19B6).
Table 5.4 illustrates the wettability results for 
cores obtained from run No.'s IB, and 20 through 22, plus 
two other core treatments. The wettability of cores from 
run No. 19 could not be determined due to the smaller 
core size. The first core treatment was designed to 
examine whether wettability would change when crude oil 
was allowed to "marinate" the core. For this treatment, 
a Berea core was saturated with and submerged in 
Brookhaven stock tank oil then allowed to soak at room 
conditions for 168 hours. The results indicate that the 
core remained strongly water— wet although the DWR 
decreased from 0.79 to 0.70. This finding agrees with
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TABLE 5.3
AMOTT WETTABILITY INDEXES OF CLEAN BEREA CORES
CORE # A B C D DOR DWR
1 0 3.3 1.4 0.4 0 0.78
2 0 3.9 1.1 0.25 0 0.81
3 0 3.8 1.5 0.4 0 0.79
4 0 3.4 2.3 0.3 0 0.88
5 0 3.5 l.B 0.8 0 0.69
AVERAGE : 0 0.79
TABLE 5.4
ANOTT HETTABILITY INDEXES OF TEST CORES
N NO. CORE NO A B C D DOR DNR... — •— •••
t B 2.6 1.4 B.6 B 0.7
«* B 3.0 B.6 2.0 0 0.23
10 11 .2 4.2 1.0 4.B B.05 0.17
12 B 3.9 2.1 0.3 0 0.07
2B 11 B.l 6.0 4.B 3.2 B.B2 0.56
42 B.3 6.4 3.0 2.6 0.04 0.59
21 41 B.B5 4.6 1.2 3.9 B.B1 0.24
42 0.05 5.2 3.3 1.6 B.81 0.60
22 41 1.5 2.2 l.B B.6 0.41 0.75
42 .1 2.6 1.1 B.6 B.03 0.65
t Clean core 'aarinated* Mith Brookhaven STD..
at Clean core 'aarinated* with brine containing IBB ppa Ferric ion
the Wettability Index Aspaltene Content Correlation 
reported by Cuiec (Figure 2.4) using the pentane-induced 
asphaltene content of Brookhaven crude of 2.22 weight 
percent. This result implies that any wettability
change in Berea cores obtained from run No.'s IB to 22 
must be due to C02-induced organic deposition.
As indicated in Table 5.4, a mixed-wettabi1ity state 
was achieved as a result of C02-induced organic 
deposition onto the rock surface of the first Berea core
obtained during run No., 18; however, the second core
(
remained strongly water— wet. Table 5.5 shows the 
relationship between the amount of C02-induced organic 
deposition and the wettability indexes measured for cores 
obtained from run No's IB through 22. For run No. 18, 
deposition was 11.0 mg/g for the first core but only
0.9 mg/g for the second core. This implies that a 
threshold minimum amount of C02-induced organic 
deposition is required to cause a wettability change for 
Berea cores. Although the presence of brine reduced the 
extent of deposition, the mixed-wettabi1ity state was 
also achieved during run No.20 (Table 5.4). Deposition
was 4.3 and 2.0 mg/g for the two cores used in this run
(Table 5.5). Since these levels of CG2-induced organic 
deposition were capable of making the core less water wet 
and more oil-wet, they appear to be above the threshold.
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TABLE 5.5
AMOTT WETTABILITY INDEXES AND DEPOSITION IN
RUN ND. CORE NO. DOR DWR




















The development of mixed wettability proposed by 
Salathiel <1973) is described as -follows. As oil 
accumulates in a reservoir, the water present in the 
initially water— wet rock is displaced from the larger 
pores while capillary forces retain water in the smaller 
capillaries and at grain contacts. After extended 
periods of exposure to this fluid distribution, the 
mixed-wettabi1ity condition could develop if some 
"organic material” from the oil were deposited onto those 
rock surfaces that are in contact with oil, thus making 
those surfaces strongly oil-wet. However, Salathiel 
noted that such a heterogeneous wettability development 
process is affected by the crude oil composition in the 
reservoir. In other words, only crude oil containing 
significant amounts of surface-active material has the 
potential to develop mixed wettability in reservoir rock. 
Furthermore, the mixed wettability rock exhibits a lower 
waterflood residual oil sateration than strongly water- 
wet rock. Patel et al. (1985) reported laboratory
corefloods in which the lowest waterflood residual oil 
saturation (20.8%) was achieved for a mixed-wet core, 
compared to higher waterflood residual oil saturations 
for strongly water-wet cores (typically 33.0%). Although 
the authors concluded that mixed-wettabi1ity is the main 
reason for low fluid mobilities observed during the
Wasson Field C02 pilot, they also suggested that 
additional wettability alteration may occur through C02- 
induced organic deposition. This is confirmed by the 
results of this study. Cores "marinated" with Brookhaven 
stock tank oil remained in the strongly water-wet 
condition; however, C02-induced deposition of organic 
material onto the rock surface of Berea cores changed the 
strongly-water— wet to a mixed-wet state. This suggests 
that wettability change due to CD2/crude-oi1/rock 
interaction may improve oil recovery during CQ2 flooding.
The second core treatment listed in Table 5.4 was to 
"marinate" a core in brine containing 100 ppm ferric ion 
for 24 hours. As indicated in Table 5.4, the core became 
weakly water— wet after the treatment; however, the core 
retained a zero DOR and thus did not become oil-wet. 
The wettability results for run No. 21 which tested C02- 
induced depostion in the presence of brine containing 
ferric ion, were similar to the wettability results for 
the ferric ion brine "marination" (Table 5.4). Thus no 
additional wettabitity change occurred even though C02— 
induced deposition was extensive (Table 5.5).
The results of run No. 22 indicate that the amount 
of C02-induced organic deposition increased after the 
core's clay content was stablized by potassium 
hydroxide. The amounts of deposition for the two cores
from run No. 22 were 26.4 and 10.2 mg/g of rock (Table 
S.S). Mixed-wettability was achieved for both cores with 
the first core showing significantly more deposition and 
becoming more oil-wet than the second core. This 
suggests that the first core had a more continuous path 
of deposited organic material than the second core. 
Clementz (1977, 1982) examined adsorption of the heavy
ends of crude oil, primarily asphaltenes and resins, onto 
Berea cores containing significant amounts of Kaolinite 
under anhydrous conditions. The adsorption of heavy ends 
made the core "neutrally" wet as determined by 
imbibition tests. However, the author suggested that the 
neutral wettability was not uniform. Non-uniform neutral 
wettability is similar to mixed wettability, and in fact 
would be the precursor to mixed wettability left by a 
shortage of organic deposition material. The work of 
Clementz is thus consistent with the mixed-wettability 
state results from run No. 22.
It is well known that the permeability of Berea core 
drops to immeasurably low values as the flowing fluid 
changes from salt water to fresh water. This formation 
damage is due to clay particle dispersion and 
migration. Clementz (1977) also reported that the 
adsorption of asphaltenes and resins onto clay minerals 
reduced the rock's sensitivity to injected fluids. To
verify these findings, the sensitivity to fresh water was 
determined by monitoring permeability as the flowing 
fluid was switched from 50,000 ppm NaCl to deionized 
water for cores from run No.'s 18, 20, and 21. The
results were that the permeability reduction was only 40 
percent for cores from run No.'s 18 and 21, and 70 
percent for a core from run No. 20. A clean Berea core 
without C02-induced organic deposition retained less than 
1 percent of its original permeability in a similar test. 
These results suggest that C02-induced organic deposition 
can also be utilized as a clay stablization treatment.
5.3 Mic.hani.sms for Enhanced 0i_l_ Recovery
Additional experimentation is required to complete 
our understanding of the nature of C02—induced organic 
deposition; nonetheless, this pioneering study suggests 
that several mechanisms exist for enhanced oil recovery 
during C02 flooding. A brief discussion of these 
mechanisms is relevant to reservoir screening, and may 
provide insights to improve reservoir management when 
methods for controlling C02-induced organic depostion in 
the field are defined. Moreover, these1 mechanisms 
suggest that C02-induced organic deposition can be the 
basis for new single-well stimulation technology.
By analogy to polymer flooding, C02-induced organic 
deposition may improve oil recovery by lowering the
mobility of the displacing phase. This mechanism has been 
used to explain lower then expected injectivities during 
C02 flooding (Patel et al., 1985). The rise in delta P
across the porous media traps, which was directly 
proportional to a mobility reduction in the described 
experiments, generally paralleled the accumulation of 
deposition. It seems likely that both an increase in the 
apparent viscosity of the C02/crude mixture and a 
decrease in permeability contributed to the mobility 
reduction. Viscosity would be increased by organic
i
precipitate which was still suspended, and organic 
deposition would decrease absolute permeability through 
plugging or decrease relative permeability through 
wettability alteration.
Wettability alteration provides additional mechanisms 
for improved oil recovery. Extensive organic depostion 
during C02 flooding would generate a continous flow path 
for oil. Since a wetting phase can ultimately be 
completely displaced (Salter and Mohanty, 1982), this 
would permit the attainment of ultra-low residual oil 
saturations during C02 flooding. When organic deposition 
is less extensive, smaller regions of the reservoir would 
become oil-wet and oil recovery would be improved through 
the coalescence of residual oil blobs and the localized 
imbibition of bypassed oil into zones swept by C02.
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
6 .1 Conclusions
1. The on-set of flocculation and the amount of 
precipitation for pentane-induced and C02- 
induced adsorption can be determined using a 
prototype, high pressure/temperature, variable 
volume circulating cell. The experimental
results show that C02-induced can be more
extensive than pentane-induced precipitation.
2. The pressure-composition diagram for
C02/Brookhaven-ST0 at 111 deg F shows that at 
high C02 levels a three phase liquid-liquid- 
solid region is nested within the two phase 
liquid-liquid region. It also indicates that 
the three phase region narrows with increasing 
pressure.
3. The results show that the amount of C02—induced 
organic precipitation increases rapidly with 
pressure to a maximum near the MMP, then 
declines slightly with further increases in 
pressure. The dependence of deposition on 
pressure resembles the relationship between oil 
recovery and pressure seen in the typical slim 
tube determination of MMP.
The results suggest that temperature is a 
variable only in that it determines the pressure 
required to develop miscibility, or to achieve 
the C02 density for efficient hydrocarbon 
extraction. In other words, temperature has 
little influence on precipitate deposition at 
conditions above the MMP; however, for a 
constant pressure below the MMP, as temperature 
increases the CQ2 density decreases and the 
amount of C02-induced precipitation also
i
decreases.
Rich gas (C2-C4) acts somewhat as an inhibitor 
of C02-induced organic precipitation. The ratio 
of rich gas to C5+ for live oils seems to 
correlate with the reduction in deposition for 
live oil as compared to stock tank oil.
The results show that the amount of C02-induced 
precipitation does not correlate with any single 
physical or chemical property of stock tank 
oils. Thus, an empirical correlation which 
employs several oil properties; namely aromatic 
content, weight percent of C36+, viscosity, and 
acidity, was developed to predict the tendency 
of a stock tank oil to exhibit C02-induced 
organic deposition.
The initial wettability of porous media has a 
minimal effect on C02-induced organic
deposition. This conclusion is based upon a
comparison of stainless steel filter and Berea 
core results.
The presence of brine reduces but does not
eliminate C02-induced organic deposition. The 
results show that deposition is approximately 
cut in half for water saturations in Berea core 
of approximately 457..
Brine chemistry affects the extent of C02- 
induced deposition. The amount of deposition 
increases about four fold with the addition of 
100 ppm ferric cation.
Stablization of the clay contents in Berea core 
seems to enhance C02-induced organic deposition, 
and essentially facilitates adsorption onto the 
rock surface. Moreover, once this C02-induced 
organic precipitate is adsorbed on the clay 
surface, the sensitivity of Berea to fresh water 
is significantly reduced.
C02-induced organic deposition alters strongly 
water— wet Berea cores to Salathiel's mixed- 
wettability state. Furthermore, Berea cores 
remain preferrentially water— wet after being
"marinated" with Brookhaven STO.
6.2 Recommendations
1. It is recommended that -further experiments be
conducted using additional crude oil samples. The 
results would be used to test and/or improve 
the FM correlation.
2. It is recommended that -further experiments be
performed with live oil containing various 
amounts and compositions of rich gas. The results 
would quantitate the influence of rich gas on C02- 
induced organic deposition. Moreover, reservoir 
oils can be recombined directly in the mixing 
cell; thus, the rich gas composition in the 
reservoir oil can be adjusted throughout a run to 
probe the reversibility of deposition.
3. It is recommended that further experiments be
conducted employing an artificially oil-wet 
consolidated core as the porous media trap. The
I
results would substantiate or refute the 
hypothesis that initial wettability has a minimal 
effect on C02—induced organic deposition.
4 .  It is recommended that further experiments be done 
to determine whether even low levels of organic 
deposition significantly alter rock wettability.
5. It is recommended that further studies be
performed to explore the applicability of 
stablizing clays through C02-induced organic 
deposition. This method may develop into a new 
stimulation technique for production wells, since 
the treatment would also alter wettability.
It is recommended that further experiments be 
conducted to test the effectiveness of surfactants 
which have been developed for the clean up 
asphaltenes. The results would be helpful in the 
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APPENDIX A
HIGH PRESSURE/TEMPERATURE VARIABLE VOLUME 
CIRCULATING CELL APPARATUS
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I• Introduction of ComEgnents
A. Variable Rate Circulating Pump No.. 1 
Vendors Eldex Laboratories, Inc.
Model: AA-100-S Dual Piston High Pressure Pump
Description:
The Pump is an intermediate to high pressure 
positive displacement piston model with constant volume 
delivery. The pump has sapphire pistons and sapphire 
check valves on both inlet and outlet ports. The liquid 
contacts only 316 stainless steel, sapphire, gold and 
highly chemical resistant seals. Flow rates are adjusted 
by changing the stroke volume with a manual micrometer. 
The piston is driven by an eccentric or special, 
contoured cam optimized to give maximum drive motor 
efficiency and minimum pressure pulsations.
One dual piston high pressure pump is installed 
in the system. It uses ethylene glycol as a driving fluid 
to pump C02 out of the CD2 reservoir into the mixing cell 
and to pump ethylene glycol into the mixing cell to 
increase the pressure.
Maximum Stroke Length: 0.25 inch
Maximum Flow Rate: 10.0 ml/min
Minimum Flow Rate: 0.17 ml/min
Maximum Fluid Pressure: 5000 psi
Maximum Fluid Temperature: 392 F
c Maximum Fluid Viscosity: 500 cp
Motor Type: 100 rpm synchronous




The Whitey laboratory -feed pump is a small 
reciprocating diaphragm pump of the variable capacity 
.type. It is designed -for use in high pressure laboratory 
work where it is necessary to accurately measure flow 
rates under 10 liters per hour at pressure up to 5000 
psi. The pumped fluid is completely confined by all 
metal parts including the pumping diaphragm. No packings 
or other seals are used which result in contamination or 
external leakage. The standard material is type 316 
stainless steel for the best universal corrosion 
resistance. All metal check valves of the proven dual 
ball design are used for high pumping efficiency. An 
accurate, convenient, stroke adjustment mechanism is used 
to precisely regulate the pump capacity from zero to 
maximum flow rate. The capacity may be adjusted either 
while the pump is operating or pre-set while it is idle.
One Whitey pump is installed in the system. It 
circulates the C02/oil mixture through the high pressure 
sight glass and stainless steel filter (or core holder)
at an approximate flow rate of 50 cc/min.
Maximum Flow Rate 10 liter/hr
Maximum Fluid Pressure: 5000 psi
Maximum Fluid Temperature: 300 F
Maximum Fluid Viscosity: 500 cp




Special fittings are machined into the cell body to 
reduce the hold-up volume or dead volume within the 
regulator. This feature reduces the hold-up volume to 
approximately 0.3 cc.
The dome is charged with a compressible gas. Since 
the effective diaphram area exposed to the flowing 
pressure is slightly less than that exposed to the dome 
pressure, the flowing pressure is always slightly 
higher than the dome pressure. Our experience with this 
regulator is that the following pressure is approximately 
100 psia higher than the dome pressure. During service, 
the regulator assumes a throttling condition to 
maintain the set pressure.
Maximum Pressure: 5000 psi
Maximum Temperature: 350 F
D. Fl.oati.ng Elston Xr.ansf.er Vessel 
Vendor: Temco
Model: CF-50-200 & CF-50-100
Description:
Both transfer vessels are C02, hydrocarbon, and 
brine resistant. One vessel has a capacity of 1000 cc 
and serves as the C02 reservoir. The other vessel has a 
capacity of 2000 cc and serves as the mixing cell for C02 
and crude oil.
E- Ethyl.ene Glycol Reservoir 
Description:
I
Ethylene glycol is used as a driving fluid to push 
C02 out of the 002 reservoir into the mixing cell. It is 
also used to pressurize the system. The volume of
ethylene glycol entering the 002 vessel is used to
estimate the C02 content in the mixing cell.
F. E U t e r  
Description:
The filter element can be removed for quantitative 
analysis of the precipitation trapped. Initial studies 
used stainless steel mesh filters. Later studies 
employed a high pressure/temperature core holder to
permit displacement tests using small Berea cores.
(1). Vendor : NUPR0
Model : SS-2TF-Fi1ter
Description:
Maximum Pressure: 5000 psi 
Filter Size: .5 micron
(2). Vendor : SETRA,Inc.
Model : Steady State Coreholder 
Description:
This stainless steel coreholder is designed to -fit 1 
or 2 inch diameter cores up to 5 inches in length. The 
coreholder has a pressure rating of 10,000 psi and a 
temperature rating of 300 F.




This high pressure/temperature visual cell is being 
used to observe the phase behavior of the C02 and crude 
oil mixture under simulated reservoir conditions. The 
cell contains two 1.5 inch diameter opposed glass
windows. The fluid is allowed to pass between the glass 
windows under pressures up to 5,000 psi and temperatures 
up to 350 F. Since visual observation of dark • oils is 
difficult, this cell has an advantage in that the fluid 
volume inside the cell can be adjusted by 0.03
increments from 0 to 9 cc.
H. Pressure Monitoring System
Vendor: Validyne
1. Model: Pressure Indicator CD-223-A-1-C-4-C
Description:
This pressure indicator has the feature of analogue 
10V output, 1 Hz line filtering and two switch selectable 
transducer inputs with zero and span control. Both the 
pressure drop across the filter and the pressure of the 
sample cell are displayed on the indicator.
2. Model: Pressure Transducers
(a ). DP-303-52-1-W-4-A
(b). DP—303—66—T— 1—W—4—A 
Description:
(a). DP-303-52-l-W-4-A is a high line differential
pressure transducer for 0.0B to 200 psid, wet-wet 
capability, 410 stainless steel with teflon D-rings, 
interchangeable diaphrams, and a 250 F temperature 
limit. It is installed to measure the pressure 
difference across the filter.
<b>. DP-303-66—T-1—W-4-A is a high line gauge
pressure transducer for 5000 psig, suitable for 
corrosive liquid, 410 stainless steel with teflon fi­
rings, and a 250 F temperature limit. It is installed
to measure the pressure of the mixing cell.
I ■ Fl.ash Segaratgr wi_th Wet Test Meter 
Description:
The purpose of this portion of the apparatus is to 
permit controlled flash liberation of the sample mixture 
whenever a filter (or core) is changed during a run. The 
flash yields a dead oil sample for later compositional 
analysis plus the amount of C02 (or other gaseous 
components) in the sample mixture.
J . Nitrogen Reservoir 
Vendor: Matheson
Description:
A Matheson nitrogen gas cylinder with a maximum 
pressure of 3500 psig serves as a pressure source for
the dome loaded back pressure regulator. The dome
pressure of the back pressure regulator is adjusted using 
a pressure regulator and monitored with a pressure gauge.
K. Heating Mantie 
Vendor: GLAS-COL
Model: GF- Column Heating Mantle
Description:
This is an insulated heating jacket for the sample
vessel. It is wired to the temperature controller.
L. Temperature Control System 
Vendor: Omega
1. Model: Temperature Controller 149-RTD
Description:
This single set-point proportioning temperature
controller adjusts and monitors the temperature of the 
mixing cell.
2. Model: Temperature Indicator 199-P2-RTD
Description:
This is a platinum resistance thermometer
(RTD) calibrated to measure temperatures from -200 C
to +800 C (-328 F to +1471 F). It is set up to read
the temperature of the fluid leaving and returning to 
the mixing cell by means of two platinum resistance
probes(PR-11-2-100-1/B-3-E). Additional positions will 
accomodate up to a total of ten platinum resistance
probes.
11. Testing
The variable volume circulating cell apparatus is a 
prototype apparatus. Therefore, it was necessary for 
each new device to be tested and/or calibrated according 
to the recommended procedure before it was integrated 
into the system. The following procedures were used to 
test and calibrate three major components of the system.
A. Floating Piston Transfer Vessel
The floating piston transfer vessel is designed to 
transfer fluids under conditions of high
pressure/temperature. The teflon sealed piston is used 
to separate the injection fluid from the test fluid.
Figure A1 shows a schematic of how the apparatus was used 
for testing. The procedure employed to test the 1000 cc 
capacity transfer vessel (C02 reservoir) is as -follows. 
The vessel was initially filled with 50 cc of ethylene 
glycol and 950 cc of dyed soltrol. These two fluids are 
immiscible at ambient room conditions, and ethylene 
glycol is heavier than soltrol. The transfer vessel was 
pressurized by pumping ethylene glycol into the top of 
the cell. The test condition was at 5000 psia and room 
temperature. The ethylene glycol entered into the vessel 
at a rate of 8 cc/min during the test. The displaced 
dyed soltrol was collected into a graduated cylinder. 
Any leakage around the piston could be detected by 
examining the effluent from the cell, since these two 
fluids have different colors and are immiscible. This 
process continued until only 50 cc of dyed soltrol 
remained in the vessel. The vessel remained at 5000 psia 
for another 24 hours. The fluids were then removed and 
examined visually for any leakage. No signs of leakage 
were apparent. The 2000 cc capacity transfer vessel was 
tested with the same procedure.
B. Differential. Pressure Transducer
The valve arrangement for use of the differential 
pressure transducer is shown in Figure A.2. The 
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Figure A2. VALVE ARRANGEMENT FOR DIFFERENTIAL 
PRESSURE TRANSDUCER
without shutting down the system. To safely pressurize 
the differential pressure transducer, the drain valve is 
closed, and the by-pass valve is opened. Then both the 
shut-off valves are opened to apply line pressure 
simultaneously to both sides of the transducer. Finally, 
the by-pass valve is closed and the diffential pressure 
across the source is measured. To depressurize the 
transducer, the by-pass valve is opened, the shut-off 
closed, and the drain valve opened.
The transducer was calibrated in its installation 
location. This not only provided the best accuracy, but 
also helped to verify the installation. For calibration, 
a 1500 psig nitrogen gas cylinder, a gas regulator, and a 
calibrated Heise bourdon pressure gauge were connected to 
one shut-off valve with the other shut-off valve one 
opened to atmosphere. The transducer was zeroed with the 
by-pass valve opened and one atmosphere pressure applied 
on both sides of the transducer. Then, the transducer 
was calibrated using the nitrogen gas source at 10 psi 
increments from 0 to 150 psid.
C. Dome Loaded Back Pressure Regulator
The schematic for calibration of the dome loaded 
back pressure regulator is shown in Figure A3. The 
procedure is as follows:
























FIGURE- A3. TESTING OF DOME LOADED BACK PRESSURE REGULATOR
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using the gas regulator.
2. Pressurize the dome of the back pressure regulator.
3. Pump ethylene glycol through the body of the dome 
loaded back pressure regulator and observe the pressure 
on the pump when ehtylene glycol flows out.
4. Stop pumping and check if the pressure on the pump
hoi ds.
5. Use LEAKTEK to assure that no leaking is found.
h. Repeat step 1 to step 5 using test pressure
increments of .5 about 200 psi until the maximum pressure 




I > Density of Reconst^tuted Brook haven Crude
The following two methods were used to calculate the 
density of the reconstituted Brookhaven crude at the 
storage condition of 1500 psia and room temperature.'
A. Method A :
Aval able data :
Formation Volume Factor (FVF) at 109 F and saturation
pressure (# psia) = 1.114 bbl/STB.
Gas-Oil-Ratio (GOR) at 83 F = 276 SCF/STB.
Specific gravity (SG) at 77 F/60 = .8475.
Composition of the oil ( shown in the Table 3.2).
Assumpti ons:
The FVF and GOR at 1500 psia and 70 F, storage condition 
of the reconstituted Brookhaven crude, are very close to 
the available FVF and GOR.
Approach:
The mass of 1.114 bbl of live oil at 1500 psia and room
temperature is equivalent to the mass of 1 bbl of dead
crude(Mo) and 276 cuft of gas(Mg) at 14.7 psia and room
temperature. Therefore, the density of the live oil at 
1500 psig and room temperature is :
Mo (lb) + Mg (lb)
Live Oil Density (lb/bbl) = ----------------------
1.114 (bbl)
To calculate the mass of gas, the molecular weight of the 
gas was required. The following gas composition was 
obtained by normalizing data from Table 3.2.
Componet Z (mole/i) MW (g/mol) Z * MW
Cl 54.0 16 8.64
C2 19.4 30 5.82
C3 10.0 44 4.40
C4 16.6 58 9.63
100.0 28.49
Mg = 28.49 lb/lb-mol * (276 SCF/STB) / <379.4 SCF/lb-mol) 
= 20.72 lb
Mo = .8475 g/cc * 62.4 (1b/cf)/ (g/cc) * 5.615 cf/STB 
= 296.94 lb/STB
Density = ( Mo + Mg ) / ( Vo + Vg )
= ( 296.94 + 20.72 ) / 1.114 
= 285.15 lb/bbl 
= .8138 g/cc
B. Method B s
The calculations in Method B followed the standing and 
Katz correlation in "The Properties of PETROLEull FLUIDS" 
by Mccain (1973).
z
(mole MW Z*MW Den* Z*MW/Den
Component -fraction) (lb/mole) (lb) (lb/ct) (c-f)
Cl .114 16.0 1.824
C2 .041 30. 1 1.230
C3 .021 44. 1 1.924 31.66 .0585
C4 .035 58. 1 2.030 35.78 .0536
C5 .018 72.2 1.296 38.51 .0319
C6 .028 86.2 2.480 41.30 .0543
C7+ .743 164 121.850 53.26 2.2878
131.634 2.4657
Density o-f propane plus
= 128.58(lb) / 2.4657(cf) = 52.12 lb/ct 
Weight traction ethane in ethane plus
= 1.23 (lb) / 129.81 (lb) = .948 7.
Weight traction methane in methane plus
= 1. 824 (lb) / 131. 634 (lb) = 1.39 7.
Firstly, trom Figure 4.5 (McCain, 1973) the pseudo—1iquid 
density ot the crude at 60 F and 14.7 psi is 50.0 lb/ct. 
Secondly, compute the density ot the liquid at saturation 
conditions ot 1000 psia and 70 F using Figure 4.2 and 
Figure 4.3 (McCain, 1973).
Compressibility adjustment is
Dob = 50.0 lb/ct + .3 lb/ct = 50.3 lb/ct 
Thermal expension adjustment
Dob = 50.3 units -.3 units = 50.0 lb/ct 
Thirdly, compute the density ot the crude at 1500 psia 
and 70 F .
Do = Dob lb/ct * exp ( c 1/psi * ( P - Pb) psi ),
where the compressibity of the crude at 1500 psia and 70 
F was calculated from POT data of Brookhaven stock tank 
oi 1.
Do = 50.0 lb/cf * exp ( 3.6 E-5 1/psi * (1500 -1000) psi ) 
= 50.91 lb/cf
Finally, the density of the reconstituted Brookhaven 
crude at storage condition is :
i
Do = 50.91 lb/cf * 452 g/lb * 1/28317 cf/cc 
= .8126 g/cc
II. Density of Brggkhaven Flashed Oil
The calculations for Brookhaven flashed oil also 
followed the standing and Katz correlation in "The 
Properties of PETROLEUM FLUIDS " by Mccain (1973).
Z
(Mole MW Z*MW Den* Z*MW/D)
iponent fraction) (lb/mol) (lb) (lb/cf) (cf)
Cl .0276 16.0 .442
C2 .0415 30. 1 1.245
C3 .0397 44. 1 1.749 31.66 .0553
C4 .0782 58. 1 4.536 35.78 . 1267
C5 .0432 72.2 3. 107 38.51 .0807
C6 . 0532 86.2 4.577 41.30 . 1077
C7+ .0717 164 117.519 53.26 2.2049
133.175 2.5753
Density of propane plus
= 131.488 (lb) / 2.5753 (cf) = 51.06 lb/cf 
Weight fraction ethane in ethane plus
166
= 1.245 (lb> / 132.733 (lb) = .938 
Weight traction methane in methane plus
= 0.442 (lb) / 133.175 (lb) = .332 7.
Firstly, from Figure 4.5 the pseudo-liquid density ot the 
crude at 60 F and 14.7 psi is 51.0 lb/ct.
Secondly, compute the density ot the liquid at saturation 
conditions ot 1000 psia and 70 F using Figure 4.2 and 
Figure 4.3.
Atter the compressibility adjustment and the thermal 
expansion adjustment,
Dob = 5 1 . 2  lb/ct = .8205 g/cc
111.Sample £02 Contents
Data tor Figures 3.6 and 3.7 are listed in Table B.1 
and B2.
The volume ot C02 pumped into the mixing cell is 
calculated as tollows:
VI = V2/(l + C * P)
Where,
Vis C02 volume charged into the mixing cell; cc 
(run pressure, room temperature)
V2s ethylene glycol volume removed trom the ethylene 
glycol reservoir; cc (ambient conditions)
C: compressibility ot ethylene glycol (shown in Figure
TABLE B.1 (2000 psig, 160 F>
SAMPLE INPUT C02 BULK C02 FLASHED CD
(cc) (mole */.) (mole “/.)
1 2B 52.20 56.30
2 S3 76.20 84.90
3 110 80.80 89.60
4 150 85.10 90.40
5 239 90.00 93.80
6 308 92.30 96.40
7 395 93.90 9B.10
TABLE B.2 (1500 psig, 160 F)
SAMFLE INPUT CO.' 



































B.1); 1/psi (run pressure, room temperature)
P: test pressure minus ambient pressure; psid
The C02 concentration of the flash sample is calculated as
follows:
C02 moles, Ml = (P * V>/(R * T)
Where,
P: the ambient conditions; 1 atm
V: flash C02 volume; liters (ambient conditions)
R: gas constant = 0.08203 atm * liter/(mole * deg K)
T: room temperature ; deg K
oil moles, M2 = W/MW
Where,
W: flash oil weight; g
MW: molecular weight of oil
Therefore, the flash CQ2 mole V. = 1 0 0  * Ml/(Mi + i12)
The bulk C02 concentrations are calculated as follows: 
remaining C02 moles,
MA = D * VI/44(g/g-mol C02) - (VF * P) / (R * T)
Where,
D: density of C02 (shown in Figure B.2); g/cc (room
temperature, run pressure)













































































r.i 62.8 dmj. F






And, MB = <WI - WF)/MW, remaining oil moles 
Where,
WI: Initial oil weight; g
WF: Cummulative Flashed oil weight; g
Therefore, the bulk C02 mole '/. = 100 * MA/(MA + MB).
APPENDIX C 
COMPOSITIONAL ANALYSIS OF CRUDE OILS
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A Hewlett-Packard 58S0 gas chromatograph with two 
thermal conductivity detectors was used to per-form the 
crude oil compositional analysis. The oil sample was 
analyzed using a Teklab 6 -ft. long by 0.25 inch outside 
diameter, stainless steel column containing 80/100 mesh, 
Chromosorb-W beads coated with 10% 00-101. The -following 
time/temperature programs were used for the analysis of 
stock tank oil and live oil, respectively.
I ■ lime/Iemgerature Program for Stock Tank Oil 
Initial Value = 30 deg C
Initial Time = 0 min
Program Rate = 10.0 deg C/min
Final Value = 350 deg C
Final Time = 10 min
11. lime/Temperature Program for Live Qii 
Initial Value = -40 deg C
Initial Time = 1.0 min
Level 1 Program Rate = 0.5 deg C/min
Final Value = —42 deg C
Final Time = 1.0 min
Level 2 Program Rate = 10.0 deg C/min
Final Value = 350 deg C





RUN NO. 1 OIL: Brookhaven STO
OIL NT.: 82 9 MOL. NT.: 246.0 g/g-aol
PRESSURE: 1830.0 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
NO. cc aol I 9 cc aol I
1 15 46.50 3.05 0.24 44.28
2 40 70.39 2.30 0.55 70.72
3 45 73.10 2.42 0.59 71.12
4 48 74.95 2.06 0.75 78.62
5 72 82.26 1.16 1.09 90.47
6 84 84.54 1.81 0.76 80.92
7 87 85.43 1.33 1.13 89.56
8 113 88.56 1.37 0,90 66.90
9 141 90.86 0.97 1.36 93.40
10 278 95.23 1.30 1.21 90.38
11 295 95.58 0.65 1.52 95.94
CUHM.
C02 bulk SOLID SOLID










OIL NT. IN] IN] 
g g/g g/g
74.23 5.82E-03 5.B2E-03 
72.17 3.98E-03 9.80E-03






C02 bulk delta p C02 bulk delta p 



















RUN NO. 2 OIL: Brookhaven STO
OIL NT.: 60 g HOL. NT.: 246 g/g-aol
PRESSURE: 2450 psig TEMPERATURE: ill F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. CD2 OIL NT. C02 VOL. C02
NO. cc •ol I 9 cc aol 2
1 15 48.41 2.72 0.24 47.12
2 25 61.35 2.61 0.44 63.00
3 45 74.72 1.80 0.67 78.99
4 4B 76.21 2.01 0.63 75.99
5 50 77.48 1.62 0.66 80.45
6 66 82.81 2.12 0.67 76.14
7 70 83.65 1.85 0.82 81.74
B 121 90.15 0.B5 1.13 93.07
9 124 90.43 0.87 1.23 93.45
10 151 92.12 1.23 1.04 89.52
11 154 92.42 0.84 1.16 93.31
12 237 95.02 0.72 ' 1.16 94.21
CUHM. CUHM.
C02 bulk SOLID SOLID OIL NT. m [ W
aolel NT; g NT; g g g/g g/g
74.00 0.6289 0.6289 74.67 B.42E-03 8.42E-03
77.00 0.4898 1.1187 72.87 6.72E-03 1.51E-02
81.00 0.6400 1.7587 70.86 9.03E-03 2.42E-02
91.70 0.2515 2.0102 63.55 3.96E-03 2.61E-02
96.50 0.2154 2.2256 61.46 3.50E-03 3.16E-02
96.50 0.1142 2.339B 61.48 1.86E-03 3.35E-02
96.50 0.1447 2.4845 61.48 2.35E-03 3.5BE-02
96.50 0.1512 2.6357 61.48 2.46E-03 3.B3E-02
C02 bulk delta p C02 bulk delta p 
•olel psid aolel psid
47.0 25.0 81.0 137.0
57.0 18.0 82.0 36.0
70.0 7.0 91.7 97.0
72.0 17.0 92.1 34.0
74.0 120.0 94.7 75.0
75.0 12.0 94.9 30.0
77.0 150.0 96.5 20.0
79.0 29.0
RUN NO. 3 OIL: Brookhaven STO
OIL NT.: 82 g HOL. NT.: 246 g/g-eol


















1 25 56.27 3.00 0.38 56.12
2 31 61.65 1.61 0.58 7B.44
3 42 68.90 1.21 0.56 82.37
4 53 74.11 2.06 0.56 73.30
5 56 75.69 1.16 0.44 79.30
6 92 84.03 1.20 0.62 83.92
7 186 91.56 2.28 0.50 68.89
6 197 92.25 1.12 0.58 83.95
9 250 93.88 2.27 0.53 70.22
10 270 94.49 2.86 1.09 79.38
11 410 96.45 3.55 0.93 72.57
12 460 97.00 1.60 0.56 77.95
13 510 97.37 2.48 0.47 65.68
cunn. CUHH.
C02 bulk SOLID SOLID ' OIL NT. INI INI
■oleZ NT; g NT; g g g/g g/g
78.00 0.3917 0.3917 74.12 5.2BE-03 5.2BE-03
80.00 0.2042 0.5959 72.96 2.80E-03 8.0BE-03
91.10 0.3449 0.9408 68.36 5.05E-03 1.31E-02
96.40 0.1077 1.0485 63.23 1.70E-03 1.4BE-02
97.37 0.2183 1.2668 58.08 3.76E-03 1.86E-02
97.37 0.1668 1.4336 58.08 2.B7E-03 2.15E-02
97.37 0.2078 1.6414 58.08 3.5BE-03 2.50E-02
97.37 0.3961 2.0375 58.08 6.B2E-03 3.19E-02
CD2 bulk delta p C02 bulk delta p
■oleZ psid ■oleZ psid
56.0 32.0 83.8 76.0
66.0 18.0 91.1 55.0
70.0 40.0 92.2 11.0
72.0 63.0 92.7 78.0
76.0 95.0 94.0 94.0
78.0 102.0 96.4 84.0
78.5 37.0 96.6 37.0
80.0 92.0 97.3 85.0
80.5 80.0 97.5 36.0
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RUN NO. 4 OIL: Brookhaven STD
OIL NT.: 04 g MOL. NT.: 246 g/g-tol


















1 17 50.73 2.87 0.30 51.35
2 19 53.58 3.20 0.31 49.45
3 21 57.10 3.19 0.36 53.26
4 29 65.82 2.97 0.42 58.82
5 58 80.21 2.02 0.71 78.02
6 59 BO. 77 1.25 0.63 83.58
7 60 81.36 2.08 0.75 78.45
8 101 86.40 1.18 0.85 87.91
9 273 95.49 1.21 1.28 91.44
10 295 95.87 0.64 1.55 96.07
11 317 96.18 0.44 1.68 97.47
12 340 96.46 0.84 2.07 96.14
CUHM. CUHH.
C02 bulk SOLID SOLID OIL NT. IN] IN]
■ole! NT; g NT; g 9 g/g g/g
81.30 0.9156 0.9156 69.75 1.31E-02 1.31E-02
62.10 0.3907 1.3063 68.50 5.70E-03 i.BBE-02
88.30 0.5207 1.8270 66.42 7.84E-03 2.67E-02
96.50 0.1495 1.9765 63.39 2.36E-03 2.90E-02
96.50 0.1702 2.1467 62.95 2.70E-03 3.17E-02
96.80 0.2024 2.3491 62.95 3.22E-03 3.49E-02
96.50 0.1509 2.5000 62.95 2.40E-03 3.73E-02
C02 bulk delta p C02 bulk delta p
■oleZ psid ■oleZ psid
47.3 19.4 82.2 11.0
55.6 16.1 83.3 30.3
64.7 9.3 85.7 115.0
73.3 4.0 88.3 132.0
78.2 16.2 90.0 1.0
80.0 33.1 92.0 4.0
81.4 136.3 94.0 3.0
81.6 78.0 96.5 33.0
82.1 145.0
RUN NO. 5 OIL: Brookhaven STO
OIL NT.: 40 g NOL. NT.: 246 g/g-aol
PRESSURE: 500 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
1. cc aol I g cc aol I
1 80 50.71 1.74 O.OB 31.71
2 120 61.42 1.27 0.17 57.48
3 121 62.07 1.07 0.17 61.60
4 134 65.17 1.22 0.18 59.84
5 426 86.23 1.71 0.17 50.10
6 909 93.39 0.32 0.17 84.29
7 911 93.46 0.57 0.17 75.07
8 1106 94.64 0.37 0.17 82.27
9 1107 94.71 0.45 0.18 80.16
10 1582 96.29 0.49 0.16 76.73
11 1586 96.3s 0.39 0.19 83.11
12 1586 96.40 0.63 0.18 74.26
13 1586 96.47 1.35 0.18 57.38
CUMM. CUHM.
C02 bulk SOLID SOLID OIL NT. IN] IN]
aol el NT; g NT; g g g/g g/g
96.47 0.1305 0.1305 30.41 4.29E-03 4.29E-03
96.47 0.1306 0.2611 29.77 4.39E-03 B.6BE-03
96.47 0.1454 0.4065 29.77 4.8BE-03 1.36E-02




OIL NT.: 83 g
PRESSURE: 4250 psig
OIL: Brookhaven STO
HOL. NT.: 246 g/g-aol
TEHPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
C02 VOL. C02 OIL NT. 002 VOL. 002
cc •ol 2 9 cc ■ol 2
1 16 49.80 2.91 0.28 49.2B
2 23 59.84 3.13 0.39 55.72
3 39 72.53 2.15 0.87 80.34
4 44 75.04 1.20 0.86 87.86
5 51 78.08 1.86 0.91 83.17
6 75 84.43 1.52 1.36 90.04
7 80 85.41 0.63 1.03 94.29
8 85 86.37 1.81 1.15 86.52
9 124 90.52 1.51 1.19 88.84
10 180 93.44 0.64 1.55 96.07
11 240 95.04 1.04 1.59 93.92
12 340 96.52 0.32 1.99 98.43
CUHH.
002 bulk SOLID SOLID








OIL NT. IN] IN]
g g/g 9/9






C02 bulk delta p 002 bulk delta p
■olel psid •olel psid
49.8 25.2 82.2 81.0
53.7 20.8 83.3 106.0
64.4 20.4 84.4 117.0
72.5 19.0 85.4 134.0
75.5 149.0 86.4 1.0
76.6 5.4 90.5 1.0
78.1 148.0 93.4 1.0
79.5 3.2 95.0 1.0
81.2 24.0 96.5 1.0
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RUN NQ. 7 OIL: Brookhaven STO
OIL NT.: 81 9 HOL. NT.: 246 g/g-aol
PRESSURE: 4250 psig TEHPERATURE: 185 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
NO. cc •ol Z 9 cc aol Z
1 11 40.78 2.94 0.19 39.49
2 12 43.11 3.09 0.23 42.91
3 41 73.95 2.09 0.75 78.37
4 45 75.84 1.66 0.79 82.78
5 58 80.68 1.50 0.94 86.35
6 77 85.06 1.84 1.21 86.91
7 121 90.28 1.92 0.98 83.75
8 139 91.70 1.55 1.15 88.22
9 167 93.15 1.40 1.28 90.23
10 205 94.47 1.02 1.37 93.13
11 245 95.41 1.02 1.52 93.77
12 325 96.56 0.67 1.77 96.39
CUHM. CUHH.
C02 bulk SOLID SOLID OIL NT. IN) INI
•oleZ NT; g NT; g 9 g/g g/g
75.30 0.6468 0.6468 72.88 8.87E-03 8.87E-03
79.00 0.6359 1.2827 71.22 B.93E-03 1.78E-02
96.50 0.1625 1.4452 61.99 2.62E-03 2.04E-02
96.50 0.2323 1.6775 60.97 3.B1E-03 2.42E-02
96.50 0.1538 1.8313 60.97 2.52E-03 2.6BE-02
96.50 0.2347 2.0660 60.97 3.B5E-03 3.06E-02
C02 bulk delta p C02 bulk delta p
•oleZ psid •oleZ psid
41.0 -5.9 87.5 -7.7
43.0 -9.8 90.4 12.5
68.4 -23.7 91.2 4.0
73.2 -19.0 91.7 -0.7
75.1 20.4 92.3 -3.4
75.3 149.0 93.6 -12.4
75.8 -20.7 94.5 -22.6
78.0 17.2 95.4 -25.9




OIL NT.: 82 g
PRESSURE: 4250 psig
OIL: Brookhaven STO
HOL. NT.: 246 g/g-aol
TEHPERATURE: 95 F
INPUT BULK FLASHED FLASHED FLASHED
C02 VOL. C02 OIL NT. C02 VOL. C02
cc aol X 9 cc aol X
1 14 47.56 3.16 0.23 42.36
2 20 56.86 3.11 0.31 50.16
3 30 67.35 2.68 0.60 69.33
4 44.5 75.92 2.44 0.70 74.34
5 55 80.15 1.70 0.84 83.31
6 62 82.32 1.68 0.78 82.42
7 77 B5.64 1.66 1.16 87.59
8 87 87.29 0.60 1.20 95.28
9 120 90.59 0.49 1.77 97.33
10 160 92.81 0.33 1.84 98.26
11 220 94.72 0.24 2.06 9B.B6
12 340 96.54 0.26 1.B9 98.66
CUHH.
C02 bulk SOLID SOLID







































RUN NO. 9 OIL: Brookhaven STO
OIL NT.: 02 g HDL. NT.: 163 g/g-aol
PRESSURE: 3150 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
C02 VOL. C02 OIL NT. C02 VOL. C02
cc aol Z 9 cc •ol Z
1 16 40.71 2.00 0.42 50.42
2 20 54.40 2.39 0.61 63.07
3 40 63.7B 1.56 0.72 75.30
4 41 64.72 1.55 0.94 00.23
5 59 73.00 1.36 0.95 02.16
6 67 75.04 1.73 0.91 77.07
7 75 78.32 1.62 0.99 00.35
0 91 01.81 2.10 0.95 75.17
9 110 84.91 1.36 0 M 02.06
10 150 80.73 1.97 1.03 77.77
11 234 92.70 1.19 1.23 87.37
12 363 95.50 1.19 1.05 85.52
cunn.
C02 bulk SOLID SOLID


















C02 bulk delta p C02 bulk delta p 
• d e l  psid aolel psid
47.2 -3.3 00.3 -16.0
60.9 -5.6 82.5 17.0
65.3 2.1 85.4 37.1
69.1 67.6 86.6 55.2
69.6 140.0 88.0 40.2
70.0 -4.0 09.4 -21.7
70.5 151.9 91.1 -22.7
71.0 -5.3 94.3 -23.7
77.9 -7.7 96.5 -22.8
RUN NO. 10
OIL NT.: 82 g
OIL: Tiebalter Bay Sto
MOL. NT.: 222 g/g-aol
PRESSURE: 3150 psig TEMPERATURE: 111 F
INPUT SULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
NO. cc aol 1 9 cc aol Z
1 16 47.34 3.16 0.31 47.20
2 23 57.48 2.93 0.44 57.78
3 36 68.78 2.54 0.72 72.09
4 45 73.8e 2.22 0.87 78.13
5 64 BO. 65 2.06 0.98 81.26
6 79 84.16 1.97 1.05 82.93
7 96 86.95 1.75 1.26 86.78
8 122 89.70 1.51 1.25 88.30
9 160 92.16 1.45 1.25 88.71
10 210 94.06 1.20 1.55 92.17
11 300 95.85 1.07 1.48 92.65
12 360 96.58 1.62 3.27 94.84
CUMM. CUMM.
C02 bulk SOLID SOLID OIL NT. INI INI
aoleZ NT? g NT; g 9 g/g g/g
96.50 0.1347 0.1347 60.97 2.21E-03 2.21E-03
96.50 0.1642 0.2989 59.90 2.74E-03 4.95E-03
96.50 0.1324 0.4313 59.90 2.21E-03 7.16E-03
96.50 0.1680 0.5993 59.90 2.80E-03 9.97E-03
C02 bulk delta p C02 bulk delta p
aoleZ psid aoleZ psid
47.3 -10.7 87.0 -14.9
57.5 -11.9 89.7 -15.3
66.8 -13.3 92.2 -15.7
73.5 -15.2 94.1 -15.1
73.9 -11.7 95.9 -19.7
80.7 -9.0 96.5 -20.0
84.2 -12.6
185
RUN NO. 11 OIL: Hilly Upland Sto
OIL NT.: '80 g MOL. NT.: 238 g/g-aol
PRESSURE: 3150 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
cc aol 1 g cc aol I
1 16 49.76 2.75 0.26 48.02
2 22 58.73 2.88 0.35 54.28
3 33 6B.97 2.38 0.61 71.46
4 49 77.26 1.95 0.76 79.20
5 60 81.05 1.97 0.94 82.34
6 83 85.92 1.57 1.25 8B.61
7 100 88.25 1.21 1.25 90.99
— 0 s. 125 90.58 1.12 1.40 92.43
9 172 93.11 0.81 1.48 94.70
10 217 94.54 0.61 1.58 96.20
11 259 95.43 0.64 1.62 96.11
12 340 96:52 0.64 1.80 96.49
CUMM.
C02 bulk SOLID SOLID












C02 bulk delta p C02 bulk delta p 
aolel psid aolel psid
49.8 -I.i 85.9 -19.4
56.7 -2.4 88.3 -20.6
69.0 -7.2 90.6 -20.1
73.9 -4.5 93.1 -20.2
74.8 -6.8 94.5 -20.0
76.1 -8.9 95.4 -20.3
77.3 -16.3 96.5 -19.9
81.0 -17.2
RUN NO. 12
OIL NT.: 82 g
PRESSURE: 3150 psig
INPUT BULK 
SAMPLE C02 VOL. CD2 












1 17 45.17 2.60 0.33 49.22
2 26 55.94 2.50 0.45 57.88
3 36 64.48 2.55 0.61 64.62
4 40 67.46 1.79 0.74 75.94
5 42 68.96 1.43 0.82 81.41
6 44 70.33 2.00 0.91 77.65
7 45 71.31 1.59 0.92 81.54
8 ,58 76.79 1.9b 1.02 79.89
9 76 81.77 1.31 1.18 87.31
10 100 85.80 1.51 1.24 86.25
11 121 88.25 1.14 1.56 91.27
12 164 91.21 0.77 1.37 93.14
13 218 93.36 0.69 1.60 94.65
14 271 94.65 0.6B 1.58 93.2
15 368 96.07 0.39 1.69 97.07
16 423 96.59 0.37 1.79 97.36
17 423 96.61 0.39 1.89 97.37
INPUT CUMM. CUMM.
C02 bulk SOLID SOLID OIL NT. IN] INI
•oleZ cc NT; g g g/g g/g
67.83 0.5007 0.5007 76.90 6.51E-03 6.51E-03
68.80 0.3912 0.8919 74.35 5.26E-03 1.18E-02
69.80 0.2608 1.1527 72.56 3.59E-03 1.54E-02
70.67 0.2209 1.3736 71.13 3.11E-03 1.85E-02
96.50 0.1236 1.4972 58.89 2.10E-03 2.06E+00
9b.50 0.1378 1.6350 58.52 2.35E-03 2.29E-03
96.50 0.0965 1.7315 58.52 1.65E-02 2.46E-03
96.50 0.0854 1.6169 58.52 1.46E-03 2.60E-03
C02 bulk delta p C02 bulk delta p
aolel psid aolel psid
45.6 -10.6 71.6 150.0
60.5 -12.0 72.1 -10.0
64.2 -5.4 73.4 6.0
66.7 34.6 77.1 15.1
67.0 58.7 82.0 5.2
67.8 150.0 86.0 -2.1
6B.3 60.0 6B.4 -7.7
68.8 150.0 91.3 -12.8
69.3 20.0 93.5 -17.1
69.8 150.0 94.7 -18.6
70.3 13.0 96.5 -18.8
RUN ND. 13 OIL: BATH STO
OIL NT.: 80 g HOL. NT.: 229.0 g/g-aol











































FLASHED FLASHED FLASHED 
OIL NT. C02 VOL. C02




































OIL NT.: 70 g
PRESSURE: 4350 psig
OIL: California Sto
MOL. NT.: 300 g/g-aol
TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
C02 VOL. C02 OIL NT. C02 VOL. C02
cc aol Z 9 cc aol Z
I 12 52.62 2.39 0.24 55.29
2 16 59.83 2.53 0.27 56.79
3 20 65.98 2.55 0.29 58.34
4 24 70.84 2.80 0.40 63.76
5 30 76.02 2.70 0.52 70.34
6 43 82.67 2.56 0.56 72.93
7 60 87.51 2.25 0.55 75.06
8 78 90.52 1.64 0.56 80.79
9 100 92.68 1.56 0.59 82.32
10 134 94.6! 0.99 0.66 89.14
11 170 95.79 0.65 0.64 92.38
12 205 96.53 0.37 0.86 96.7
13 205 96.55 0.47 1.71 97.82
CUMM. CUMM.
C02 bull SOLID SOLID OIL NT. ENT INI 
aoleZ NT; g NT; g g g/g g/g
96.53 0.20B6 0.2068 47.3B 4.41E-03 4.41E-03
96.55 0.2154 0.4242 47.01 4.58E-03 8.99E-03
96.55 0.1379 0.5621 47.01 2.93E-03 1.19E-02
96.55 0.1218 0.6839 47.01 2.59E-03 1.45E-02
CD2 bulk delta p C02 bulk delta p 
aolel psid aoleZ psid
52.5 20.0 89.9 6.5
59.8 19.6 90.5 9.2
66.0 12.3 92.2 15.6
70.8 -3.5 93.2 6.7
76.0 -5.8 93.7 5.8
82.7 -6.0 94.6 0.9
87.5 -2.6 95.8 -5.5
89.1 3.1 96.6 -11.9
189
RUN NO. 15 OIL: BF
OIL NT.: 6 6 9  HOL. NT.: 186 g/g-aol
PRESSURE: 2450 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
NO. cc aol 1 g cc aol 1
1 14 43.79 1.95 0.30 54.02
2 22 55.07 2.65 0.47 57.52
3 25 58.43 4.21 1.62 74.61
4 26 59.23 1.41 0.83 81.80
5 27 62.38 1.29 1.23 87.92
6 29 63.98 0.73 0.67 87.51
7 45 74.76 0.49 0.49 88.42
8 400 96.4? 1.64 0.56 72.28
CUMM. CUNN.
CO2 bulk SOLID SOLID OIL NT. INI [NI
aolel NT; g NT; g g 9 /9 g'g
59.45 0.3205 0.3205 66.05 4.B5E-03 4.B5E-03
60.45 0.3444 0.6649 63.40 5.43E-03 1.03E-02
61.45 0.2337 0.8986 59.19 3.95E-03 1.42E-02
62.45 0.1727 1.0713 57.78 2.99E-03 1.72E-02
96.47 0.1582 1.2295 55.27 2.B6E-03 2.01E-03
96.47 0.1505 1.3800 55.27 2.72E-03 2.28E-03
96.47 0.1541 1.5341 55.27 2.79E-03 2.56E-03
96.47 0.1020 1.6361 55.27 1.85E-03 2.74E-03
C02 bulk delta p C02 bulk delta p 


















RUN NO. 16 OIL: Brookhaven STO
OIL NT.: 61 g NOL. NT.: 246 g/g-aol











CC aol I 9 cc aol x
1 20 51.36 2.32 6.26 53.09
2 34 64.47 2.43 0.26 53.86
3 44 70.65 2.70 0.31 53.69
4 61 77.86 2.71 0.27 50.15
5 75 61.76 2.64 0.27 50.61
6 106 86. B5 1.91 0.24 55.93
7 175 91.64 0.96 0.07 42.4!
6 245 94.13 11.10 1.23 52.61
9 35* 9b. se 2.69 0.52 64.50
CUMM.
002 bulk SOLID SOLID

























RUN NO. IB OIL: Brookhaven STO
OIL NT.: 77 g MOL. NT.: 246 g/g-aol
PRESSURE: 3150 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE 002 VOL. 002 OIL NT. 002 VOL. CD2
NO. cc aol 1 9 cc aol X
1 25 62.60 2.21 0.43 66.27
2 32 66.42 2.09 0.6B 76.67
3 36 72.40 1.79 0.70 79.79
4 47 76.99 1.B5 0.63 61.92
5 80 85.51 1.76 0.65 ,62.82
6 100 66.37 1.90 0.66 62.39
7 140 91.67 1.69 1.84 91.66
B 19B 94.07 1.65 1.64 91.84
9 240 95.20 1.32 1.16 B9.87
10 325 96.51 1.23 1.30 91.43
11 325 96.5? 0.66 1.30 93.72
i: 325 96.62 3.13 6.33 95.33
li 325 97.15 2.97 5.05 94.50
14 325 97.6 7 3.13 6.33 95.33
CUMM. CUMM.
co: bulk SOLID SOLID OIL NT. INI INI
aolel NT; g NT; g 9 g/g g/g
96.50 1.9100 1.9100 58.61 3.26E-02 3.26E-02
96.50 0.1400 2.0500 39.11 3.5BE-03 3.62E-02
C02 bulk delta p CD2 bulk delta p 
aolel psid aolel psid
0.0 53.4 75.3 17.2
35.0 41.5 76.1 32.5
45.0 27.7 85.5 32.9
57.0 12.0 87.5 28.8
66.0 6.7 88.9 27.1
69.1 7.2 89.8 23.0
70.4 B.3 91.4 2B.3
71.5 8.6 95.0 24.6
72.4 13.6 96.5 21.1
RUN NO. 19 OIL: Brookhiven STO
OIL NT.: 64 g HOL. NT.: 246 g/g-aol
PRESSURE: 3150 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. C02 VOL. C02
NO. cc ■ol Z 9 cc aol Z
1 16 52.70 2.26 0.36 61.46
2 29 64.29 2.51 0.49 66.35
3 44 73. B6 2.17 0.70 76.51
4 49 76.26 2.33 1.04 B1.84
5 60 60.14 1.96 0.72 '76.60
6 82 65.21 2.65 i.se 65.76
7 66 66.30 2.99 1.52 83.70
8 91 67.22 3.77 1.75 62.42
9 91 B7.79 2.66 1.65 66.14
10 140 92.14 1.20 1.26 91.36
11 200 . 94.53 0.66 1.34 94.02
12 246 95.56 8.75 1.37 94.66
13 3ie 96.5! 1.53 2.36 93.97
cunn. CUMM.
002 bulk SOLID SOLID OIL NT. [N] IN]
aoleZ NT; g NT; g 9 9'9 9/9
76.30 e.48ee 0.4800 79.20 6.06E-03 6.06E-03
65.60 0.5000 0.9600 74.71 6.69E-B3 1.28E-02
66.30 0.4600 1.5500 70.08 6.56E-B3 1.93E-02
67.20 1.4100 1.B500 67.09 6.1 IE-03 2.54E-B2
96.50 0.4700 2.3200 56.30 8.35E-B3 3.38E-B2
96.50 0.4100 2.7300 56.30 7.2BE-03 4.11E-02
C02 bulk delta p C02 bulk delta p
aolel psid aolel psid
0.0 57.7 65.6 120.0
33.0 38.6 65.9 6.0
49.6 26. B 66.3 116.0
■ 63.5 24.6 66.7 8.0
67.1 26.6 67.2 125.0
69.7 32.6 67.9 11.0
73.4 69.0 69.1 27.9
75.1 910.0 92.1 22.2
76.3 150.0 94.5 26.4
RUN NO. 20
OIL NT.: 83 g
PRESSURE: 315S psig
INPUT BULK 
SAMPLE ' 002 VOL. CD2 
NO. cc aol I g cc aol I
1 21 56.B1 2.40 8.40 62.73
2 34 6B.19 2.43 0.53 6B.77
3 37 70.52 2.21 8.63 74.22
4 51 77.31 2.33 0.66 74.10C 71 B3.12 2.30 0.65 74.05
6 74 84.13 2.36 0.64 73.25
7 77 85.10 1.9B , 0.61 60.51
100 BB.43 1.75 0.65 63.07
9 131 91.16 1.74 0.65 B3.15
10 1B5 93.76 1.35 1.12 B9.34
11 2E0 95. BB 1.02 1.16 91.99
12 330 9c. 54 3.45 2.76 BB.99
13 330 9b.70 1.39 5.13 97.39
CUMM. CUMM.
002 bulk SOLID SOLID OIL NT. IN] INI 
anleX NT; g NT; g g g/g g/g
96.50 0.6700 8.6700 61.13 1.10E-02 1.10E-02
96.50 0.3400 1.8100 57.6B 5.B9E-03 1.69E-82
CD2 bulk delta p CD2 bulk delta p
aole?. psid aolel psid
8.8 27.9 85.1 12.4
23.6 28.6 67.3 14.0
36.5 15.7 66.4 13.1
56. B 13.1 91.2 13.3
6 6 .2 11.7 93.7 12.5
70.5 18.7 95.6 11.0
61.3 11.3 96.5 7.0
OIL: Brookhaven STO
MOL. NT.: 246 g/g-aol
TEMPERATURE: 111 F
FLASHED FLASHED FLASHED 
OIL NT. 002 VOL. 002
194
RUN ND. 21 , OIL: Brookhaven STD
OIL NT.: 83 g MOL. NT.: 246.8 g/g-aol
PRESSURE: 3158.8 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE CD2 VOL. 002 OIL NT. C02 VOL. CD2
cc aol I 0 cc aol I
1 28 55.35 2.62 8.28 51.91
2 35 6B.79 2.63 8.62 78.42
3 48 71.95 2 .22 8.78 78.81
4 58 76.75 1.94 0.84 81.39
5 68 88.31 2.24 8.76 77.41
6 70 83.16 2.13 8.B1 79.34
7 85 86.11 1.87 8.92 83.24
e 180 88.23 1.7b 8.97 B4.77
9 125 98.61 1.68 1.85 86. e9
18 170 93.18 1.26 1.05 89.3E
11 288 94.22 1.09 1.19 91.68
12 260 95.86 8.84 1.48 94.39
13 328 96.41 2 .20 3.58 94.14
14 320 96.49 1.91 3.86 95.33
CUMM. CUMM.
002 bulk SOLID SOLID OIL NT. INI [W] 
aolel NT; g NT; g g g/g g/g
96.58 2.6288 2.6288 68 .88 4.31E-B2 4.3IE-82
96.5e 1.6388 4.2588 58.60 2.7BE-B2 7.09E-82
002 bulk delta p 002 bulk delta p 
aolel psid aolel psid
8 .8 1B.6 79.2 189.8
23.7 12.3 88 .8 132.8
55.4 7.2 86.1 188.8
6 8 .8 4.8 88 .2 82.8
76.1 16.9 98.5 31.8
77.5 58.9 93.9 21 .8
78.5 96.8 96.5 4.8
RUN NO. 22 OIL: Brookhaven STO
OIL NT.: B5 9 MOL. NT.: 246 g/g-aol
PRESSURE: 3150 psig TEMPERATURE: 111 F
INPUT BULK FLASHED FLASHED FLASHED
SAMPLE C02 VOL. C02 OIL NT. 002 VOL. 002



















































96.50 4.5B00 4.5B0S 64.62 7.B9E-03 7.B9E-02
96.50 1.7600 6.3400 60.44 2.91E-03 1.00E-02
002 bulk delta p 002 bulk delta p 

















RUN NO. PI OIL: Brookhaven STO
OIL NT: 34.00 gn MOL. NT.: 246 g/g-aol
PRESSURE: 330 pisg TEHPERATURE: 75.0 F
PENTANE PENTANE PENTANE PENTANE PENTANE DELTA P
VOL. NT. HOLES NT 1 HOLE t PSID
21.00 18,25 0.25 34.93 64.71 18.40
41.00 35.63 0.49 51.17 78.17 16.30
77.00 66.91 0.93 66.31 87.05 17.50
91.00 79.08 1.10 69.93 88.82 18.80
112.00 97.33 1.35 74.11 90.72 19.80
214.00 185.97 2.58 84.54 94.92 22.10
354.00 307.63 4.27 90.05 96.87 43.70
402.00 349.34 4.85 91.13 97.23 90.20
410.00 356.29 4.95 91.29 97.28 48.00
41B.00 363.24 5.05 91.44 97.33 120.00
424.00 368.46 5.12 91.55 97.37 67.10
472.00 410.17 5.70 92.35 97.63 45.80
615.00 534.44 7.42 94.02 98.17 54.60
663.00 576.15 B.00 94.43 9B.30 55.20
686.00 596.13 8.28 94.60 9B.36 54.00
700.00 608.30 8.45 94.71 98.39 54.30
CUHH. CUHH.
PENTANE PENTANE SOLID SOLID INI INI
NT! HOLEZ NT; g NT; g g/g g/g
91.13 97.23 0.3272 0.3272 0.0096 0.0096
91.44 97.33 0.3904 0.7176 0.0115 0.0211
94.71 98.39 0.0606 0.7782 0.0018 0.0229
94.71 98.39 0.1398 0.91B0 0.0041 0.0270
94.71 98.39 0.1261 1.0441 0.0037 0.0307




I. Dal cul_ati,gn of. the Amount of QQ2-I.nduced Organi_c 
D^.E°si_ti_on i_n Berea Cores
Three short Berea core plugs were used during each 
run for run No-'s IB to 22 (excluding run No. 19). Cores 
No.'s 1 and 3 were used to collect the C02-induced 
organic deposition, while core No. 2 was employed as a 
control core to estimate the weight of residual oil. 
During the experiment, the C02/oil mixture was circulated 
through core No. 1 until the terminal bulk C02 
concentration of 96.5 mole percent was reached. Core No. 
1 was then replaced by core No. 2. The C02/oil mixture
was circulated through core No. 2 for about 20 minutes
without changing the bulk C02 content. Finally, core No. 
3 was installed for sample unloading and C02 flushing.
To calculate the adsorbed organic deposition in the 
cores, two assumptions were made as follows:
1. Only minimal amounts of adsorption occurred in
core No. 2. This is a reasonable assumption
because (1) the delta P across core No. 2 was 
significantly lower than that of core No. 1, (2)
solid phase formation was initiated at about 72 
mole percent C02 and was essentially completed at 
86 mole percent C02, and (3) core No. 2 only 
remained in the system for about 20 minutes which 
is much shorter than the 12 hours for core No. 1
or the 4 hours -for core No.3.
2. The three cores have similar dimensions and 
physical properties such as porosity, 
permeability and compressibility. This
assumption seems reasonable since these cores 
were cut in the same manner from the same 2 inch 
diameter by 6 ft core.
Before the cores were disconnected from the system, 
CD2/oi1 mixture in the cores was removed by flash
separation, and collected. The amount of liquid obtained(
was noted. The results of material balance calculations 
indicated that a minimal but not negligible amount of 
residual oil remained in the cores after the flash 
process. The calculation of the extent of deposition was 
thus performed as follows:
WB1: weight of core No.1 before the experiment (g),
WB2: weight of core No.2 before the experiment (g),
WB3: weight of core No.3 before the experiment (g),
WA1: weight of core No.1 after the experiment (g>,
WA2: weight of core No.2 after the experiment (g),
WA3: weight of core No.3 after the experiment (g),
then,
the amount of C02-induced organic deposition in core No.1 
<W1> is :
W1 = <WA1—WB1) - (WA2-WB2) ,
and the amount of C02-induced organic deposition in core 
No.3 (W2> is:
W2 = (WA3-WB3) - (WA2-WB2).
The cores used in run No.19 were 1 inch diameter by 0.4 
inch thick, and had only about 0.875 cc of pore volume. 
Therefore, it seems reasonable to assume that only 
organic deposition remained on the rock after the
residual 96.5 mole percent C02 sample mixture was removed 
by flash seperation. The weights of the cores removed 
from the apparatus were determined after the cores had 
been air-dried for 48 hours.
11. Wgttabi.l„ity Measurement Procedure
Wettability was evaluated using a test proposed by
Amott (1959). The Berea cores used were 2 in. in
diameter and approximately 1.5 in. long.
The wettability measurement employs the following
procedure.
1. Saturate the core with kerosene.
2. Centrifuge the core in brine (50,000 ppm NaCl) until 
the residual oil saturation is reached.
3. Immerse the core in kerosene, and measure the volume 
of brine (A) displaced by the spontaneous imbibition of 
kerosene after 20 hours.
4. Centrifuge the core in kerosene until the irreducible 
water saturation is reached, and measure the volume of
2 0 1
brine (B> displaced.
5. Immerse the core in brine, and measure the volume of 
kerosene <C) displaced by the spontaneous imbibition of 
water after 20 hours.
6. Centrifuge the core in brine until residual oil 
saturation is reached, and measure the volume of kerosene 
(D) displaced.
The evaluation of test results is described in
Section 5.2.
Ill- §tabl_i.sing Cl.ay with Potassium Hydroxide—  ( —
Sydansk (1984) developed a new method to treat clay-
sensitive sandstone formations using potassium-hydroxide
(KOH). This method can effectively and permanently 
stablize clays and thus prevent reduction in oil 
production which is associated with changes in salt 
composition in oil field brines. KOH clay stablization 
results from caustics interacting irreversibly with clays 
in the presence of potassium ions. KOH "permanently"
alters the silicate chemistry of clays and renders them 
insensitive to fresh water. Treatment effectiveness 
depends upon KOH concentration, formation temperature, 
and treatment fluid/sandstone contact time.
To prepare three cores with stablized clay contents 
for run No. 22, a static KOH treatment procedure was 
employed. The core was saturated with 20 WT5i of
202
TABLE El
THE AMOUNT OF C02-INDUCED ORGANIC DEPOSITION IN TEST CORES
Core weight
Run Core before after difference Deposition
No. No. (g) (g) (g) (g)
IB 1 169.07 176.26 7. 19 1.91
155.76 161.04 5. 2B 0. 00
166.46 171.BB 5. 42 0. 14
20 1 154.71 159.B4 5.13 ' 0.67
»“> 160.IB 164.64 4.46 0. 00
16B.56 173.36 4.B0 0.34
21 1 166.51 171.59 5.0B 2. 62
160.56 163.02 2.46 0. 00
164.67 16B.76 4.09 1.63
I 173.71 1B1.36 7.65 4.5B*”> 163.91 166.99 3.07 0. 00
171.70 1 7 6. 61 4. B3 1.76
19 1 1 1 . 23 11.71 0. 48 0. 48
11.53 12.03 0.56 0.56
10. 67 11 . 13 0.46 0. 46
4 10. 16 10. 57 0.41 0.41
5 10. 19 10. 66 0.47 0.47
6 10.22 10. 63 0.41 0.41
I
KOH/brine solution. The core was immersed in the same 
solution using a plastic container, and was then placed 
in a glycol bath at 185 deg F -for 24 hours. To evaluate 
the effectiveness of the treatment, the sensitivity of 
the treated core to fresh water was tested. The test 
results indicated that the average permeability 
reductions caused by a change in salt composition (from
50,000 to 0 ppm NaCl) for three treated cores was only 
23 percent. This result was rather satisfactory since 
the permeability reduction for an untreated core was 99 
The test results demonstrated that most of the clay 
particles had been successfully stabilised by the KOH 
treatment.
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